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Introduction 


‘he recovery of cells from injury is one 
the basic problems in biological re- 
rch. The difficulties encountered in 
lying the processes that led to recovery 
e been great, and progress in this field 
not been fast. Consequently, it was 
ught that this might make a good topic 
a discussion where different points of 
w are brought out. This is especially 
ortant in connection with effects of 
iation on living cells where the recovery 
m assault is one of the basic problems 
connection with radiation exposure. 
Jn the basis of these ideas a sympo- 
m was organized by a committee from 
; laboratory. Chairman was R. F. Kim- 
| with the following as his co-chairmen: 
[. Adler, N. G. Anderson, C. C. Congdon, 
D. Novelli, and Sheldon Wolff. The dis- 


cussions brought out many interesting 
points in regard to the work which is going 
on in different laboratories with ap- 
proaches from biochemical, biological and 
biophysical points of view. The discus- 
sions were taken down and are reproduced 
in essential parts in these proceedings. 

This conference, as well as the previous 
conferences, was sponsored by the Biology 
Division of Oak Ridge National Laboratory 
in cooperation with the Division of Biology 
and Medicine of the Atomic Energy Com- 
mission. 

The organizing committee was not only 
responsible for the setting up of the sympo- 
sium, but also gave important contribu- 
tions in editing the chapters for this 
volume. 
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odification of Radiation-Induced Electron Spin 


ssonances in Dry Materials 


J. S. KIRBY-SMITH anv M. L. RANDOLPH 
Biology Division, Oak Ridge National Laboratory,! Oak Ridge, Tennessee 


The widespread occurrence of free radi- 
ls in chemical, biological and radiobio- 
sical processes is well established. Evi- 
nce comes from classical chemical meth- 
s, from magnetic susceptibility studies of 
ramagnetic systems, and finally through 
e application of electron spin resonance 
i9R) techniques.” This last approach, 
oreover, indicates the approximate num- 
rs of radicals present. In some cases 
mething of the nature or structure of 
ecific types of free radicals is revealed 
' analysis of ESR patterns. Therefore 
is field has rapidly expanded in the past 
w years and continues to proliferate into 
most all fields of biology and radiobiol- 
ry. Although the actual involvement and 
yportance of free radical mechanisms in 
diation action remains largely inferen- 
il, the circumstantial evidence built up 
' ESR (as well as by the more conven- 
ynal chemical approaches) is now so 
rong that most of us agree that there is 
basic role of radical mechanisms in 
diobiological processes. Some of the most 
rect evidence on the biological role of 
ee radicals has been obtained by Powers. 
ee these proceedings. ) 

We do not mean to imply that all bio- 
gical effects of radiation are derived 
rough free-radical mechanisms; we do 
lieve, however, that free radicals fre- 
iently play a significant role in the chain 
events following the primary physical 
ocess. Assuming that this is indeed 
e case, studies of radiation-induced free 
dicals and their decay constitute a per- 
aent introduction to the general subject 
this symposium, the recovery of cells 
om injury. 

Turning to the phenomenological ap- 
coach to radiation-induced free radicals, 
; studied through ESR in dry systems, a 
umber of striking facts are immediately 


evident. Among these are: (1) extremely 
long lifetimes of many radiation-induced 
resonances, (2) relatively large numbers 
of these centers produced per unit of en- 
ergy expended, (3) complex kinetics im- 
plied by decay schemes and dose curves, 
(4) dependence of the numbers of centers 
observed on linear energy transfer (LET), 
and finally, (5) dramatic manner in which 
the magnitude of the resonances may be 
changed by various postirradiation treat- 
ments. Although this paper is mainly con- 
cerned with this last characterization of 
free radicals, at least a minor review of 
the other experimental findings seems de- 
sirable. 

Lifetimes and decay of resonances. One 
of the most striking characteristics of radi- 
ation-induced free radicals in dry systems, 
and one which makes postirradiation modi- 
fication studies experimentally feasible 
and attractive, is the extremely long life- 
times of these entities. In contrast to mole- 
cules in excited states, many free radicals 
are intrinsically stable configurations and 
usually decay or are destroyed only through 
collision or recombination. Even in the 
liquid state, where rapid diffusion occurs, 
the effective lifetimes of some free radicals 
are long compared to those of excited, en- 
ergetic and highly reactive electronic or 
vibrational states of molecules; in the gels 
and colloidial structures of biological sys- 
tems they are undoubtedly even longer. In 
dry solids, radicals are found whose life- 
times may be days, weeks, months, or even 
years. This expanded time scale in solids 


1Qperated by Union Carbide Corporation for 
the U. S. Atomic Energy Commission. 

2 Discussion of specific techniques and details 
of the experimental methods of ESR are ignored 
in this presentation. Such material is well cov- 
ered in volumes by Ingram (’58) and Blois 
et al. (’61). 
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permits simple, direct quantitative studies 
of parameters modifying the frequency 
and nature of primary resonances. 

Although relatively slow, the decay of 
radiation-induced resonances observed in 
dry materials is complex and cannot in 
general be expressed by a single exponen- 
tial relation. In some instances decay 
studies indicate the initial formation of 
two or more species which disappear at 
different rates; in others, evidence for con- 
version of one species into another is ex- 
perimentally observed as in irradiated lyo- 
philized bacteria (Lion et al., 61) and in 
the work of Powers (60, 61) and his co- 
workers on spores. In some cases we have 
found decay schemes that depend upon the 
magnitude of the applied radiation dose, 
i.e., on the concentration of radicals ini- 
tially present (fig. 1). Studies of these de- 
cay phenomena afford a promising ap- 
proach (1) to an understanding of the 
mechanisms of formation and recombi- 
nation of free radicals and (2) under con- 
ditions of high resolution, to specific 
changes in their chemical structures. 

Numbers of centers produced. Direct 
determinations by Zimmer (’59), Zimmer, 
Ehrenberg, and Ehrenberg (57), Box and 
Freund (759), and Randolph (’61) and 
others have shown conclusively that radi- 
cal formation in dry materials by ionizing 
radiation is an extremely probable event. 
Energy expended per radical pair produced 
in representative amino acids and proteins 
ranges from 15 to 1000 ev, approximating 
in many instances the energy (W) expended 
in the production of an ion pair. Radicals 
are thus produced in sufficient numbers 
to account for many of the secondary ef- 
fects of radiation. If radical processes are 
to be ignored as a trivial side effect of radi- 
ation unrelated to radiation damage, this 
must be justified on other grounds. 


Ww 
(2) 


\ 


w 


lec 


AREA OF ABSORPTION CURVE (arbitrary units) 


\ 


8 20 50 {20 300 «8 
IRRADIATION (min) 


w 


Fig. 1 Concentration of resonances as a ft 
tion of dose and time. At high doses note 
saturation effect and more rapid decay thar 
low doses. O, day of irradiation; A, 2 days a 
irradiation; (J, 13 days after irradiation. Gl 
mic acid irradiated at 80 kr/min. 


LET dependence. Studies by Kir 
Smith and Randolph (’60), and by |! 
(760) show an inverse dependence of 
production of resonant centers on L 
(table 1). This decrease in the efficie! 
of radical formation as LET is increa 
is very marked for all systems studi 
amino acids, proteins, and polysacc 
rides. Conger and Curtis (61) have fot 
fast neutrons are ineffective in induc 
resonances in dry seeds. High concen 
tions of radicals formed along and parti 
larly at the ends of densely ionizing tra 
may be expected to result in immediate 
combination of primary radicals and tl 
lower the signals observed after irra 
tion. Local heating, analogous to “ther 
spikes” at the end of the tracks, sho 
also facilitate recombination proces: 
Hochanadel (’61) in studies of the rad 
ysis of nitrate crystals has found evide 
supporting a “thermal spike” effect. 


TABLE 1 


Relative production of resonances by different radiations 


Irradiated Besant is 
material x N 
¥(Co) (950 kvp) (14 Mev) ED 
Glycine oa 07 0.3 
Chondroitin sulfate 0.6 0.45 0.05 
Gelatin 0.9 0.8 0.1 
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ostirradiation modification of magnetic 
mance signals in solid chemical sys- 
s. The magnitude of the resonance 
als observed in all solid chemical and 
chemical systems (as well as in the dry 
logical materials to be considered later ) 
drastically reduced by postirradiation 
osure to either ultraviolet (UV) radi- 
m or to heat. Zeldes and Livingston 
) as well as Alger, Anderson, and Webb 
9) have clearly demonstrated the action 
visible and UV light in modifying the 
onances observed in alcohols, ketones 
other organic compounds irradiated 
low temperature. 
n polycrystalline glycine our qualitative 
ults indicate an approximately exponen- 
decrease of resonance centers with in- 
asing dose of UV radiation. In this ex- 


\ 
2. *, 

\ 

° 
z= 164 \ 
g \ 
Ww i @ 
So 4, 
| % Ae 
4 i 
= | Ne 
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periment the material was exposed in the 
form of a finely ground powder suspended 
in an inert liquid (hexane) that transmits 
UV. Similar results have been found for 
postirradiation heat treatment. Experi- 
ments performed on single crystals of gly- 
cine lead to comparable results and have 
the added advantage that changes in UV 
absorption spectra may be compared with 
the spin resonance data. Kondo (’59) has 
shown that exposure of irradiated glycine 
crystals to heat results in considerable 
change in the UV and visible absorption 
spectra. Our more complete data for the 
effects of both heat and UV radiation of 
2537 A are given in figures 2-4. These 
curves show also that disappearance of 
the radicals is not correlated with a shift 
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Fig. 2 Modification of absorption spectra of single glycine crystals induced a various 
radiations and posttreatments. ©, X-irradiated plus UV treatment; ®, X-irradiated; A, un- 
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Fig. 3. Modification of absorption spectra of single glycine crystals induced by various 
radiations and posttreatments. O, X-irradiated plus heat treatment; @, X-irradiated; A, un- 


irradiated. 
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Fig. 4 Modification of absorption spectra of single glycine crystals induced by various 
radiations and posttreatments. O, X-irradiated plus UV plus heat treatment; @, unirradiated; 


A, X-irradiated. 


in the UV absorption spectrum back to its 
initial shape in unirradiated crystals. 

These facts emphasize one of the most 
fundamental questions concerning the de- 
cay or other modifications of the free radi- 
cal signals, namely, the mechanisms and 
end products involved in these processes. 
Before speculating on this matter or even 
attempting to give an answer, some 
essential and basic aspects of free-radical 
production often ignored if not overlooked 
must be mentioned. Radicals are not pro- 
duced singly; in all cases one can imagine 
they must occur in pairs. Although, as 
Livingston (’59) has pointed out, the fre- 
quent absence of two distinguishable reso- 
mance signals is puzzling, two types of 
radicals must exist. Two possible explana- 
tions for this condition are (1) an ex- 
tremely broad resonance associated with 
one of the species or (2) a resonance fall- 
ing at some markedly different portion of 
the magnetic spectrum. If one member 
of the pair is a hydrogen atom, owing to 
the high mobility of H atoms, the forma- 
tion of molecular hydrogen, rather than 
recombination of primary radical pairs, 
may take place. Another possibility is a 
very rapid transformation of primary radi- 
cals to an undetectable species as indi- 
cated in (1) or (2) during and immedi- 
ately after irradiation before the first ESR 
measurement. 

Recognizing that radicals are produced 
in pairs after irradiation, one can under- 
stand in a general way how heat treat- 


ment so drastically reduces the radi 
concentrations. Increased thermal mot 
should result in a higher probability 
collision and recombination of the prim. 
pairs. After the primary rupture of © 
original molecule, that part of the ini 
signal not removed by heat treatm 
could conceivably originate from a radi 
whose partner, perhaps a hydrogen atc 
has moved too far away in the lattice 
further interaction. Our results for he 
treated glycine also indicate that the re 
nances decay to a plateau, below wh 
continued heating is ineffective. 

The action of UV radiation in reduc 
the resonance signal is somewhat m 
difficult to rationalize, particularly in 
tems such as glycine where UV alone f 
duces few if any free radicals. The 
parent exponential reduction in numb 
of primary radicals with posttreatm 
dose of UV (fig. 5) does however indic 
“one-hit” kinetics; from this standpoin 
mechanism involving the interaction 
an UV quantum with a radical and sul 
quent recombination of this excited st1 
ture with its partner might follow. 

One further point concerning radic 
must also be kept in mind, ie., the la 
amount of stored energy a radical pair } 
sesses—the exact value depending uy 
which covalent bonds have been brok 
On recombination, this energy must so 
how be dissipated, and in this proces 
considerable amount of localized chem 
or biological damage may be produc 


was, in some systems, the disappear- 
#e of resonances may be associated with 
igogical damage rather than “protection.” 
fy will return to this point later in the 
#cussions of modification of electron spin 
ponances in some representative dry bio- 
ical systems. 


AREA OF RESONANCE ABSORPTION CURVE (arbitrary units) 


| UP ter aT 

1 2 3 

TIME OF UV EXPOSURE (hr) 

Mig. 5 Effect of UV posttreatment on X-ray- 
“luced resonances in glycine. 
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Studies of the structure of the absorp- 
tion envelopes provide direct evidence con- 
cerning the structure of radicals and the 
identification of different radiation pro- 
duced species, as well as evidence for the 
decay from one species to another. This 
is well illustrated by studies of irradiated 
glycine. Resonance spectra of irradiated 
polycrystalline and single crystals of gly- 
cine are shown in figure 6. The original 
interpretation (Gordy et al., 55) of the 
polycrystalline pattern with its distinctive 
triplet is that it arises from a (CH:) radi- 
cal, although the presence of the wings 
does raise some doubts. More recent and 
very beautiful spectra of single crystals 
under high resolution have been obtained 
by Ghosh and Whiffen (’60). Further 
analysis of the spectra by these investiga- 
tors indicates that irradiation of glycine by 
y-rays leads to the predominant formation 
of the radical (NH:). These radicals dis- 
appear after several days at room tempera- 
ture with the permanent appearance of a 


e 
species believed to be (*HsN CH CO.~). 
After prolonged heating this radical also 
disappears to leave a third but yet uniden- 
tified species. 
One further and very obvious manner of 
modifying or eliminating free-radical reso- 


i i i ine: lycrystalline; b, single crystal ori- 
. 6 Resonance spectra of irradiated glycine Al, ete y : - 
Pica with its b axis perpendicular to the magnetic field and its c axis at an angle of 120 


with the direction of the field. 
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nances, which has at least been implied if 
not mentioned, is exposure to moisture. 
When irradiated DNA, proteins, and other 
dry chemical systems, as well as dry pollen 
and bacteria, are placed in water, or even 
in many instances merely exposed to con- 
ditions of high humidity, the resonances 
rapidly decay. In view of the evidence and 
mechanism postulated, this effect is possi- 
bly a result of increased mobility of radi- 
cals under these wet conditions which re- 
sults in more rapid recombination, rather 
than a direct reaction of radicals with 
water molecules. 

Postirradiation modifications in dry bio- 
logical systems. Having indicated briefly 
the actual phenomena observed and some 
of the physico-chemical processes which 
may operate in the postirradiation modifi- 
cation of resonances in solid chemical sys- 
tems, it is of interest to consider a few rep- 
resentative dry biological systems. Before 
discussing any specific system we are com- 
pelled to emphasize again that insofar as 
biological effects are concerned we have 
no direct incontrovertible proof of any defi- 
nite causal relationships between free radi- 
cal concentrations and biological damage; 
in fact, in the first example to be consid- 
ered, dry Tradescantia pollen, the biologi- 
cal damage may be correlated with the dis- 
appearance of the free-radical signals. 

Tradescantia dry pollen. General ex- 
ploratory studies on radiation-induced ESR 
signals in Tradescantia pollen have led to 
very similar experimental results as those 
outlined for the amino acids. Heat, UV, 
and moisture each cause a drastic reduc- 
tion—or in the case of water a complete 
disappearance—of the resonance signals. 

Tradescantia pollen is an ideal material 
for many biological purposes, particularly 
for studying chromosomal effects of al- 
most all types of radiations, and is par- 
ticularly suitable for studies of combined 
treatments with different agents. Some 
years ago Miss Roberta Lovelace at the 
ORNL Biology Division investigated chro- 
mosomal breakage by combined y-rays and 
UV radiations with inconsistent results, 
and the work was dropped. The marked 
drop in spin resonance caused by UV post- 
treatments prompted a second look at 
the possible modification of X-ray-induced 


chromosomal damage by UV radiati 
(Kirby-Smith et al., 61). In a compreh 
sive series of experiments we determin 
the general parameters which had led 
the previous variations in results report 
by Miss Lovelace. We expected a decrea 
in aberrations in accord with the ESR da 
but in every experiment performed, po 
irradiation treatment with UV led to 
increase, rather than a decrease, in ch 
mosomal aberrations. This synergism 
also observed for pretreatment with l[ 
radiation. If the effect existed only fi 
posttreatments, we might, by invoking t 
energy released on radical recombinatio 
be able to “explain” this phenomenon ; 
such terms. A possibility remains thi 
pretreatment with UV produces radic 
which in recombination with those i: 
duced by subsequent X ray treatmen| 
result in biological damage, i.e., chromp 
somal aberrations. Further consideration 
of this synergistic effect lead us away fron 
the general subject of this presentation 
An alternative explanation which does na 
directly involve free-radical mechanisnt 
leading to chromosomal breakage not 
appears more probable. This explanation 
based on interference with rejoining meck 
anisms, is developed in detail by Sheldo; 
Wolff and R. F. Kimball elsewhere in thi 
volume. . 

Seed germination. We turn next t 
work on the relation of ESR signals ani 
germination in lettuce seeds (Randolp 
and Haber, 61). The combination of bic 
logical (germination) and physical (ESR 
sensitivities of this material are fortunat 
because, unlike many correlations of ESI 
and biological effects, germination can ot 
cur after doses that produce measurabl 
free-radical concentrations. Thus conch 
sions drawn from data on this material ar 
free from the objection that ESR studie 
involve doses far in excess of those bic 
logically important. 

Free radicals are produced in these dr 
X-irradiated seeds on the absorption ¢ 
about 300 ev per resonance at low dosé 
with the concentration approaching a satt 
ration limit of roughly 10° spins/gm ; 
doses of 20 Megarads. Most of these rest 
nances are produced in the embryo, <¢ 
judged from mechanically separated see 
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ts, and their decay rate is increased by ESR pattern which was not seen in these 
isture or heating. om, AET-treated seeds. Hence the higher ini- 
7 reliminary parallel germination and _ tial concentration of radicals seen with 


studies after soaking these seeds in the AET treatments cannot be merely the 
-aminoethylisothiourea dihydrobromide sum of unrelated signals from seed and 


| en ae ss eeemcuae dry AET but might be from seed and AET 
: rm. on at an : * : 
T concentration of ~ 10-*% 10-°m:; derivatives. However, from rough-weight 


measurements, if such AET derivatives ac- 
r .> ane Bok dependence on AET con- count for the enhanced initial ESR signals 
ation and time shown in figure 7. Dry Ey eet Leen : ; 
adiated AET exhibits a quite specific i eee 8 eae Uta SughuineSps 
sensitive to radiation as any other material 

we have studied. Furthermore, crossing 
of the decay curves at about 100 hours 
after irradiation also excludes the possi- 
bility of simple addition of two unrelated 
species of resonances, but does not ex- 
clude the possibility of a rapidly decaying 
AET derivative system and a seed system 
with postirradiation decay accelerated by 
AET. These considerations suggest modi- 
fication of the radiation-induced free radi- 
cals in seeds by a biologically significant 
AET treatment. Virtually no germination 
was found in either water controls or any 
AET-treated seeds stored for 12 days after 
irradiation to permit decay of free radicals 
in the dry state, a finding qualitatively 


re a TO; )) 109M ART: D, 10-3 M AET: similar to other investigators’ experience 


0 10-1 M AET. with irradiated seeds. These AET and 
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Fig. 8 Change in radiation-induced ESR pattern in lyophilized E. coli. 
_—-—-— signal after heat treatment. 


Initial signal; 


Fig. 9 Suppression by various additives of naturally occurring ESR signal in lyophilized 
E. coli cells exposed to oxygen. a. no additive; b. cysteine; c. thiourea; d. Nal. 


storage results suggest that biological dam- 
age in this material might better be related 
to number of resonances decaying in the 
dry state than to the number of resonances 
measured at any particular time. 

Dry bacteria. We (Lion, Kirby-Smith 
and Randolph, ’61) recently observed some 
interesting and provocative relationships 
between free radicals and viability in both 
irradiated and nonirradiated lyophilized 
E. coli cells. 

Dried bacteria irradiated with 750 kr of 
X rays in the absence of oxygen showed 
a broad, weak, and double-peaked signal 
which became higher and sharper after 
heat treatment (fig. 8) and rapidly de- 
cayed on exposure to oxygen. This change 
in pattern after heating the irradiated ma- 
terial suggests a heat-induced transition 
from one radical species to another, and 
a fundamental difference in radiation-in- 
duced radicals and those occurring after 
lyophilization alone which showed little if 
any change with similar heat treatment. 
This signal increased to a maximum after 
several hours and remained constant for 
at least six weeks. 

When E. coli cells are lyophilized in 
distilled water and then exposed to small 
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amounts of air or oxygen, a very rap 
loss of viability of the cells may be o 
served, while no such effect is produc 
when the cells are kept under vacuum 
Dried E. coli cells may also be protect 
against this lethal effect of oxygen by thi 
urea or more effectively by sodium iodi 
but cysteine is completely ineffective : 
this respect. In a typical experiment (Li 
and Bergman, ’61) the viability of dri¢ 
cells after exposure to oxygen was fou 
to be: control 0.05% ; in presence of ¢ 
teine 0.001%; in presence of thioure 
42% ; in presence of Nal 80%. | 

Lyophilized bacteria kept in vaci 
showed no perceptible spin resonance si 
nal. In the presence of oxygen a relative 
strong signal was observed 30 minut 
after exposure. Contrary to experimen 
on nonviable lyophilized tissues of anim. 
origin by Miyagawa et al. (’58) the sign 
also remained stable even after re-evacu 
tion and removal of oxygen. In expel 
ments where the additives, cysteine, N. 
or thiourea were used, a definite correl 
tion between the decreased free-radic 
signals and increase in viability was o 
served (fig. 9). From these results #] 
bacterial cell appears to be a promisit 


ferial for further ESR studies of the 
of naturally occurring, free-radical 
#hanisms in a living system. 


CONCLUSIONS 


the modification of spin resonances in 
© condensed chemical systems and dry 
fsemi-dry biological materials follow 
atical or closely parallel mechanisms. 
Ss, we may expect further studies of 
ation-induced radicals in chemical or 
hemical systems, studies which in 
mselves are a fascinating branch of 
jation chemistry and solid state physics, 
je of continued application to the radio- 
fogy of semi-dry organisms. 

tooking toward the future role of ESR, 
extension of this approach to radiation 
lies in wet, typically metabolizing sys- 
s holds great promise. Improved tech- 
mies now permit studies of enzyme 
ehanisms to be made, and there is good 
Son to believe that the kinetics of 
atter-lived radiation-induced resonances 
ivet, typically metabolizing living mate- 
%& can ultimately be elucidated by ESR 
thods. 

OPEN DISCUSSION 


EINMETS’ : I am confused about this 
| energy—up to 2000 ev—required for 
cal formation. Is this considered a 
tle-step energy required for a radical 
mation, or is it considered the average 
§ radical? 

imsy-SMiITH: You are confusing the 
irgy expended per radical formed (30— 
‘0 ev), a quantity somewhat analogous 
W, with the energy required to produce 
adical. This latter amount is certainly 
more than the ionization energy, i.e., 
roximately 10 to 15 ev, and probably 
ess. 

HUTCHINSON‘ : To what extent do meas- 
iments of this kind actually measure 
total number of radicals formed? 

f one gets a clear pattern in the usual 
ivative plot, this can frequently be as- 
ed to a single radical. Superimposed 
this single radical pattern could con- 
yably be a very broad pattern due to 
superposition of a great many differ- 
radicals. 

5 the figure of 15 ev per free radical 
d for glycine due to the fact that in 
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glycine a single radical is always formed; 
whereas in more complicated structures a 
good deal of the energy may go into 
forming a great many different kinds of 
radicals? 

KirBy-SMITH: The measured number of 
electron volts per radical is an upper limit 
due to the possibility of broad unde- 
tectable resonances. Superposed narrow 
resonances would be detected. In the case 
of glycine the low value of ev per radical 
reflects probably the stability of the radi- 
cals produced rather than indicating the 
existence of a single species. 

HUTCHINSON: Do you mind if I pin you 
down a little more on this? You mean 
that, in the normal measurements of this 
type, there are probably radicals that are 
not detected? 

KirBy-SMITH: Yes, there may be radi- 
cals having broad resonances which are 
undetectable. In addition some recombina- 
tions may have occurred before measure- 
ment. 

FAILLa’ : In the case where you have 
2000 ev, is the decay more rapid than in 
the case where you have 15 ev? In other 
words, is the value large because there has 
been decay in the meantime? 

RANDOLPH: We have not systemat- 
ically studied the question you have asked, 
Dr. Failla. In some cases I think this is 
true; but we do not have enough data to 
generalize now. 

FaILLA: That would happen in deter- 
mining the value of W (the energy lost by 
an ionizing particle per ion pair produced ) 
if ions are allowed to recombine a larger 
value results. 

WotFF®: Perhaps we should mention 
the alternative explanation that Dr. Kirby- 
Smith alluded to, concerning the synerg- 
ism in the action of UV and X rays. That 
is, the data are consistent with the concept 
that we are knocking out the rejoining 
processes that go on. With ionizing radia- 
tion we have calculated that most of the 
breaks restitute. 


3F, Heinmets, Quartermaster Research and 
Engineering Center, Natick. 

4, Hutchinson, Yale University. 

5G, Failla, Argonne National Laboratory. 

6S, Wolff, Oak Ridge National Laboratory. 
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Many more primary breaks are put in 
than show up as final aberrations. These 
data of Kirby-Smith and Nicoletti are con- 
sistent with the point of view that what 
we are doing with the UV is preventing the 
restitution so that the breaks that would 
ordinarily disappear now take part in re- 
joinings that give rise to visible aberra- 
tions. 

KIMBALL’: In Paramecium, we have 
found a decrease in the amount of reces- 
sive lethal mutation with combined UV 
and X-ray treatment. The combined radia- 
tions produce less mutation than the X 
rays alone. We have suggested (Kimball, 
Gaither, and Wilson, 1959, Radiation Re- 
search 10: 490) that UV delays chromo- 
some duplication, thereby allowing more 
time for recovery of the X ray-induced 
mutations. In support of this, mutagenic 
doses of UV delay division very consider- 
ably but mutagenic doses of X rays do not. 

von BorsTEL': As a third alternative, 
Dr. Lébbecke and I have found fairly strict 
additivity for UV and X rays in the par- 
ticular system that we are using. 

To frame a general conclusion, it is pos- 
sible that the recovery system may be more 
sensitive to UV radiation than to X radia- 
tion in certain systems, and in other cases 
the recovery system is superfluous. 

KrrBy-SMITH: In our case we are work- 
ing with a very dry slowly metabolizing 
system. Significant differences in the re- 
sponse of wet and dry biological systems 
to radicals certainly exist. 

Gray? : Is there any correlation between 
the spin pictures as a function of moisture 
content of the spore and the biological 
effects? 

KirByY-SMITH: The only correlation in 
the spin picture is the general one that, 
if we irradiated the pollen grains dry and 
expose them to high humidity, the reso- 
nance signal drops very rapidly in the 
order of a few minutes. 

Biologically, the sensitivity of the pollen 
grains to UV is drastically reduced at high 
humidity. 
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Where are two general classes of revers- 
® events or states that must be distin- 
ished. There are radiation-induced bio- 
fical events that may be reversible; and 
re are reversible radiation-induced 
#nts that lead to these reversible bio- 
Bical events or, perhaps, to irreversible 
es. We should expect that the processes 
reversal will be different in the two gen- 
61 categories. For instance, the repair of 
broken chromosome should depend upon 
mtors and show characteristics that are 
mferent from those exhibited by reversal 
fremoval of the radiation-induced chem- 
il species that precede in time and would 
id to the chromosome break if allowed to 
main in the cell. Both are examples of 
ersible radiation effects. One is a “bio- 
®@mical” or “enzymatic” type of revers- 
ity; the other is chemical or physico- 
emical. The purpose of this paper is to 
Amine in bacterial spores radiation ef- 
tts that probably are physico-chemical 
nature, with the particular purpose of 
barating the reversible from the irrevers- 
e (or those that are reversed with greater 
ficulty ), and of noting the effect on the 
tasured response of the cell to the 
ing degrees of reversibility that we can 
serve. 

The end-points we shall examine are 
logical in nature—the ability of an ir- 
iated spore to germinate and develop 
0 a cell that can then go through ap- 
oximately 10 fissions. The radiation ef- 
ts that we shall manipulate are physico- 
emical, not biological, in nature. It is 
portant to appreciate that, in this way, 
: may gain an understanding of the rela- 
nship between physical and chemical ef- 
ts of radiation in cells and the biological 
nsequences of these effects. This under- 
nding is impossible, or nearly so, if one 
amines only one or the other. 


eversibility of X Irradiation-Induced Effects in 


Division of Biological and Medical Research, Argonne National Laboratory, 


The system that we use is particularly 
suitable for this kind of analysis, for in 
this almost dry cell no metabolic activity 
occurs before, during, or after irradiation. 
The varying biological effects we see can 
certainly be ascribed to antecedent physical 
and chemical effects; and the use of the 
biological end-point of colony formation 
measures directly, in one respect, the bio- 
logical importance of these physico-chem- 
ical events. We should expect to recognize 
precise behavior on the part of the reversal 
processes if we can isolate them for meas- 
urement. We should expect to be able to 
predict the consequences of the rules that 
we recognize, even though the interrela- 
tions among them may be complex. 

This paper will present the results of an 
examination of the radiation response in 
terms of subunits that are experimentally 
recognizable and measurable. It will dem- 
onstrate their characteristics and behavior 
and will show that understanding of these 
elements of the over-all radiation response 
must be realized before an understanding 
of complex responses to radiation is pos- 
sible. 


THE EXPERIMENTAL BASES 


Before considering the characteristics of 
the various portions of the radiation re- 
sponse in the bacterial spore, we review 
briefly the evidence for dividing the re- 
sponse into recognizable categories. It is 
summarized in the diagram we call the 
“radiation sensitivity profile” (Powers and 
Kaleta, 60) reproduced as figure 1. 

In spores prepared and irradiated in our 
standard manner (Powers, Ehret and Ban- 
non, 57; Kaleta and Powers, 58; Webb, 
Ehret and Powers, 58) at room tempera- 
ture and at relatively high dose rates 


1 This work was performed under the auspices 
of the United States Atomic Energy Commission. 
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(about 16 kr/min.) maximal sensitivity is 
observed when they are exposed to X rays 
in the presence of O.. When the atmos- 
phere is Nz, and the irradiated spores are 
exposed to O. immediately thereafter, radi- 
ation sensitivity drops, indicating that O» 
is responsible for damage by interaction 
with short-lived radiation-induced species 
in this cell. This is the Class II part of the 
over-all radiation response, and in the ex- 
perimental circumstances being described, 
it accounts for about 25% of the entire 
response. 

When, after anoxic irradiation, the 
spores are heat-treated at 80°C. for 15 min- 
utes (Webb, Powers and Ehret, 60), or 
exposed to NO (Powers, Webb and Kaleta, 
60), or exposed to H.S (Powers and Kaleta, 
60) prior to exposure to Oz, a further drop 
in radiation sensitivity is observed. Expo- 
sure to O: prior to these treatments pre- 
vents this effect. Because of these facts, 
and because of evidence from electron spin 
paramagnetic spectroscopy (EPR) data 
(Ehret, Smaller, Powers and Webb, ’60), 
the reduction is ascribed to the removal of 
free radicals which, in combination with 
O2, become rapidly harmful to the cell if 
allowed to remain. We term this portion of 
the response Class III. Note that the O:, 
effect in this cell consists of two parts, one 
(Class II) that occurs quickly, and one 
(Class III) that can occur at times con- 
siderably after irradiation. Class III con- 
stitutes about 40% of the maximal effect 
seen. 

The remaining portion of the response 
(Class I) is that which is entirely inde- 
pendent of O:. It constitutes about 40% of 
the over-all effect. The presence of H.S 
during anoxic irradiation results in the 
reduction of sensitivity to a level appreci- 
ably below that seen after postirradiation 
thermal annealment, or NO treatment, in- 
dicating to us the presence of a transient, 
radiation-induced state or states (Class Ib) 
that becomes harmful unless removed or 
nullified in some way by H.S (Powers and 
Kaleta, 60). 


S=1—[1—exp(— } (kyo) + (Kp 


The general expression that we ha 
used to describe the survival of the¢ 
spores after irradiation under these cond 
tions, is 


s=1—[1—exp (—kD) |” @ 


where S is the fraction surviving, D is th 
dose, n is a small positive constant usua 
greater than 1.00, and k is a constant thi 
takes different values under different e 
perimental conditions. The constant k | 
our measure of radiation sensitivity am 
is called the inactivation constant. In a 
our papers to date we have used this ex 
pression in a purely formal way, and ha 
carefully stated that no interpretatio 
were to be put on any of the constant 
Under the conditions stated in figure 1, 
see, however, that the measure of radiatio 
sensitivity, k, can really be written as 
Ke ta Kreaecan 
that is, the total is the sum of the contrib 
tions to the slopes of Class I, Class II a 
Class III events. 
In practice, of course, we do not measul 
each of these separately, but rather infé 
their magnitudes by differences. Thus, i 
practice, 
ky = ky —k 


kx, being the sensitivity of the spora 
irradiated in N: and exposed immed 
ately to Os, and kyo is the sensitivit 
(inactivation constant) observed aftd 
maximal postirradiation reversal of th 
anoxic irradiation effect with nitric oxidé 
When irradiation occurs in the presence ¢ 
O:, the quantity added in terms of th 
measurements actually made is 


k= ky = ky, | 
i.e., the maximum response minus the fre 
radical (Class III) and oxygen-independer 
(Class 1) components. Thus the gener 
expression in terms of the measurement 
when irradiation takes place in the pre: 
ence of O, is shown in equation (2). 


Ky.) + eg, hot D | * (2 


NO } 


In this expression we see actual mean- 
ings in physical and chemical terms, at 
least for the k’s if not for n. k: is the rate 


(kr~*) of formation with increasing do: 
of oxygen-independent species that resu 
in loss of colony-forming ability in tk 
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ire. ki is the rate of increase with dose 
Sree radicals that with O. prevent colony 
ation, and kn is the rate of increase of 
% short-lived species that are harmless 
ess O2, and perhaps NO, are present at 
5 time of irradiation.” 

before this time, we have used the in- 
Rvation constant in a general way to 
id prejudicing our interpretation with 
substantiated notions of its meaning. 
henceforth, we shall think of the in- 
vation constant in these measurable 
ysical and chemical terms. With this 
broach we can begin analysis of and 
jive at certain physical explanations for 
) behavior of the irradiated bacterial 
re. 


The short-lived O.-independent 
species (Class I) 


€ part of the response that seems most 
arly “immediate” is that we call Class I, 

oxygen-independent portion. As noted 
bve, it can be subdivided on the basis of 
reduction in magnitude observed when 
is present at the time of irradiation. 
» have several working theories concern- 


NO when present at the time of irradiation de- 
ases the net protective effect of NO observed 
en it is given after irradiation, indicating that 
re are two effects. One is the removal of free 
icals, and is protective; the other is a small 
ancing effect which may be the same as that 
O, (Powers, Webb and Kaleta, 60). A full 
sussion of this phenomenon is being deferred 


il a later time. 
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7 Fig. 1 The “radiation sensitivity profile’ showing the relationships between the inactiva- 
“tion constants obtained when dry spores are irradiated with 50 kvp X rays at room tempera- 
ture at about 16,000 r/min. The heavy horizontal line indicates the constant observed under 
\the experimental conditions indicated (Powers and Kaleta, ’60). 


4. 


ing this and other aspects of this portion of 
the radiation response, but they do not 
bear upon the question of reversibility of 
radiation effects in the sense that we wish 


to discuss them here. 


Therefore, no fur- 


ther description of this class will be made, 
except to note that, as demonstrated in 
figure 2, Class I is partly temperature-de- 
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Fig. 2 The relationship between radiation sen- 


sitivity and temperature under the experimental 
conditions described in the figure (Powers, Webb 
and Kaleta, ’60). 
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pendent. Since further developments in 
this paper depend upon the magnitude of 
Class I, we must be aware of this charac- 
teristic. It will remain in expression (2) 
since all constants in the equation depend 
upon it; but, other than its regular varia- 
tion with temperature, it is considered in 
this paper to be independent, invariant, 
and irreversible. Actually it does vary in 
some circumstances, but not under the 
conditions used in these experiments. 


The short-lived O.-dependent 
species (Class II) 


It is necessary for O: to be present at the 
time of irradiation for this component to 
be seen; we conclude, therefore, that the 
phenomenon of oxygen enhancement is 
due to species or events that in our time 
scale are short-lived or fast. Of course, 
they need not be immediate. For example, 
the lifetime of an excited singlet state 
might be 10~* seconds, and the deciding 
harmful event could occur at least this 
long after energy absorption. Extension of 
this lifetime by a factor of 10* would 
lengthen it only to 10~* seconds, a lifetime 
that is still very short with respect to our 
experimental techniques. 

The explanation of the Class II effect 
may be of this nature. In fact, we have 
previously proposed such a mechanism as 
a possibility (Powers, Webb and Ehret, 
°60). There are several physical studies 
that support such a notion (e.g., Tsubo- 
mura, Mulliken, 60), and it is testable in 
the dry spore system. However, in this 
discussion we shall not further treat this 
Class II. Since the values of Class I and III 
do not depend upon an estimation of the 
value of this, for the present it is with- 
drawn from equation (2). 


The free-radical component 
(class III) 


It is this component of radiation injury 
that, lasting appreciable lengths of time, 
is most susceptible to reversing influences 
that affect survival of individual spores, 
and therefore, that affect the nature of the 
dose-survival relationship. 

The evidence we have presented in the 
literature to date for the existence of this 
component, and the relationship between 
these radicals and oxygen in bringing about 
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Fig. 3 The development of the EPR sigw 


with time after irradiation. The two gene 
kinds of radicals (one indicated by the doubly 
and the other by the triplet) are seen only a : 

i 


radiation effects in the cell (Powers an 
Kaleta, 60; Webb, Powers and Ehret, ‘6h 
Powers, Webb and Kaleta, *60; Ehra@ 
Smaller, Powers and Webb, ’60; Power 
Webb and Ehret, 60; Powers, Webb an 
Ehret, 59; Powers, Ehret and Smaller, 65 
can be summarized as follows: 
1. At room temperature the free radica 
have appreciable lifetimes (hours). 
2. They effectively disappear biologicah 
after exposure to NO, HS, and other rac 
cal scavengers, and after heat treatmer: 
3. This disappearance is not possible : 
spores exposed to oxygen after being j 
radiated in nitrogen. Oxygen combin¢ 
with the radicals to form toxic complexe 
4. EPR studies indicate the presence ‘ 
two kinds of radicals after irradiation, on 
of them formed immediately and the oth¢ 
developing slowly in time (fig. 3). 
5. The EPR studies show that these rat 
icals can form oxygen complexes, as th 
biological studies indicated previous! 
(point 3) (fig. 4). 
6. They show also that heat, NO an 
H2S affect radical content (point 2 f 
biological evidence), but perhaps in di 
ferent ways (discussed below). | 


after irradiation (Ehret, 
Webb, ’60). 


Evidence for differences among | 
the radicals | 

Several lines of evidence suggest th: 
distinctions between or among the radica. 
are possible. The apparent differences b 
tween their behavior judged biological] 
and judged physically (Powers, ’61) coi 
stitute one reason. The postirradiatio 


+—100 gauss 


ig. 4 The behavior of the EPR signal ob- 
ed in X-irradiated bacterial spores following 
tments that lead to modification of biological 
onse to irradiation. (a) The fully developed 


cal signal. (b) After exposure to air, after 
diation. (c) After thermal annealment— 
SC. for 15 minutes. (d) After exposure of (c) 
ir. (e) After exposure to NO (Ehret, Smaller, 
ers and Webb, ’60). 


atments of the spores with NO and with 
it have the same effect on survival, 
r-all sensitivity being reduced to half 
anoxic sensitivity (fig. 2). However, the 
ponse of these radicals to the two treat- 
nts is different, according to EPR meas- 
ments (fig. 4). Without changing the 
lity of the signal, heat reduces concen- 
‘ion to about half, in agreement with 
biological results. NO, on the other 
1d, removes almost all evidence of the 
qaal. Since O2 reacts with the radicals 
t remain after annealment, two alterna- 
ss are presented. These radicals, which 
unannealable, do not participate in the 
logical damage, since their removal by 
does not reduce biological effect. Or, 
se radicals, after reaction with oxygen, 
cause damage. Therefore, since they 
react with NO, this must result in dam- 
also. NO, then, has two actions—one 
‘emove harmful radicals by reaction to 
m the non-radical R:ON species that is 
mless; and two, to react with unan- 
lable radicals to form the non-radical 
cies R,ON that is harmful. Ri: must 
er in some way from R.:- (Powers, ’61). 
variations do not reside in the differ- 
es between those radicals whose pres- 
e is indicated by the doublet and those 
the triplet signals, since both of these 
affected in like manner by the experi- 
atal procedures. 
‘ecent evidence on the activities of the 
icals constitutes further reason for sus- 
ting there are distinctions possible be- 
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TABLE 1 


Inactivation constants obtained after irradiation 
in O2z-free atmosphere, and then exposed 
to the indicated gas 


Experiment Gas k+ S.E. 
1 NO 0.01390 + 0.00017 
2 HS 0.01276 + 0.00023 
3 NO then H.S 0.01329 + 0.00028 
4 H2S then NO 0.01235 + 0.00030 


tween or among the long-lived radicals. 
Up to the present time, we have taken the 
position that reduction of the free-radical 
class by either NO or H2S accomplishes the 
same effect quantitatively. In table 1 are 
data indicating that this is not quite true. 
H.S always reduces the value of k to a level 
slightly below that seen after NO treat- 
ment. If radicals only are involved, some 
are more available to H.S than they are to 
NO. It is difficult to conceive how this can 
come about because of chemical reactiv- 
ities, for if, as we think, reduction of radi- 
cal concentration is brought about by H.S 
by its donating a hydrogen atom 

Ite oe EL Sal 218 s lal se oye 
this effect should be less efficient than 

R-+-ON>R: ON 

that does not require an energy-requiring 
abstraction process before it occurs. For 
this reason, it is conceivable that the dif- 
ference indicated by these data, if the two 
gases are involved only with radicals in 
these instances, is one of position, or loca- 
tion. This argument implies that H:S or 
H- atoms can move more freely than 
NO: molecules; effectively, the radiation- 
induced radicals are closer to H.S than 
they are to NO. 

On the other hand, we note that NO 
either alone, or preceding H.S treatment, 
has the same effect. H:S, either alone or 
preceding NO treatment, has the same ef- 
fect, and always a more efficient one than 
NO. If the “position” argument in the 
paragraph above were true, H2S treatment 
whether before or after NO treatment 
should exert a greater effect. 

Alternatively, the results can mean that 
there is a qualitative difference in the 
Class III species. There may be two long- 
lived species, both of which are removed 
by H.S in a similar manner; when they 
react with NO, on the other hand, a differ- 
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ence is seen. One of them becomes harm- 
less, and the other becomes harmful. This 
difference, which is the likely explanation 
of the results, is not the difference indi- 
cated by the two EPR spectra, nor is it the 
possible difference inferrable from the be- 
havior of the unannealable radicals, but 
rather it must be considered evidence for 
a third subdivision of the Class III com- 
ponent. 


The thermal behavior of the 
free-radical component 


After irradiation 

The postirradiation effects of heat on 
the lifetime of the radical component have 
been measured (Webb, Powers and Ehret, 
60). The degree of reversal of this com- 
ponent for any time of annealment can be 
described as 


Fraction remaining = exp (—Crrt) 


where +t is time after irradiation during 
which the spores are held at temperature T, 
and Cr; is the rate constant for the tempera- 
ture.* The fraction remaining is expressed 
as the degree of reversal observed relative 
to the maximum degree possible. The 
maximum obviously is the Class III com- 
ponent, and, as pointed out above, is meas- 
ured experimentally as 


Kiy = ky meno 


Therefore, when spores are irradiated in 
N: and exposed to O, thereafter, when no 
appreciable annealment takes place with- 
in the irradiation interval, and post-irradi- 
ation annealment takes place at tempera- 
ture T for time t, the expression relating 
survival to dose (equation 2) becomes 


Dust (a [1 im exp (— HOON Bee (ky — kyo) exp ( —Crr){ - p) |” (3 


In this, the time t is the duration of 
nealment at temperature T after dose 
has been delivered at a low temperat 
or in a short interval, so that no appre 
able annealment could have occurred dt 
ing this period. ; 

When time of annealment is zero, 
constant is not reduced at all; when it 
very long, exp (—Crt) becomes very sm 
and the inactivation constant is very ne 
kr = kno—i.e., the free radical compone 
disappears. 


During irradiation 


Actually, it is impossible to irradiate 
any but the lowest temperatures witho 
causing some annealment during the ti 
of irradiation. It is true that if the irradi 
tion interval is short, and if the temper. 
ture is not high, the effect of the anne 
ment is small and may not be appreciabl 
and the observed response curve may n 
depart from equation (1). Most of oure 
periments are designed to minimize t 
effect, and thus to obviate these departure} 

In some instances, however, it is nd 
possible to make minimal the degree 
annealment during the irradiation interv 
as, for example, in our recent neutron e 
periments (Powers, Ebert and Moore, ul 
published) in which the dose rates we 
necessarily low, and, therefore, the era 
tion times were very long, sufficiently lon 
(up to 10 hours) to suspect that apprec 
able annealment of the Class III compé 
nent might have taken place. In other it 
stances when the temperature is high 
annealment rates are large enough t 


cause an important reduction in the Class 
III component even in short irradiation in- 
tervals. Accordingly, for a description of 
these instances, a modification of equation 
(3) is required that will take into account 
the degree of annealment occurring while 
the spores are being irradiated. Further- 
more, the expression is certainly less gen- 
eral without this modification. 

Obviously in these instances the time of 
annealment + in the annealment function 


“4 
exp (—Crt) is not equal to the irradiatio 
time t, since the radicals formed at diffe: 


ent times during the irradiation interv: 
are exposed to the annealing effects of he 


3In this publication (Webb, Powers and Ehre 
’°60) the relationship between C and T was show 
to conform to the Arrhenius relation — InC: 
A/RT, with A being about 16 kcal. Obviously th 
value substituted in equation (3) would define tt 
expression more explicitly physically, but we r 
tain C in this discussion for simplicity of expre 
sion. ; 


lifferent periods of time. Rather, the 
jtion of the maximum annealable rate 
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(Class III) that is effective over the irradi- 
ation interval is given by the average value 
from 0 to t, ; 


f= eye exp (—Crt)dr = } 1 — exp (—Crt) { /Cat 


3) efore, the inactivation constant to be 
sd to k; in equation (3) to give the ap- 

“int constant is 

— kyo) (}1 — exp (—Cat) { /Crt) 


vhich t is the time of irradiation, C; is 


A 


fe 1 —| 1 ~ exp(—}(k,,) + (ky — k 


the rate of annealment of radicals, and 
(kx, — kno), aS above, is that portion of the 
inactivation constant that is Class III, the 
long-lived free radical component, or, the 
rate of formation of these. Equation (3) can 
now be stated in the more general form 


xo) (L 1 — exp (—Cxt)]/Czt){ -D) ]* (4) 


describes the survival observed after 

> D given over time t at temperature T. 
ere is, in addition, postirradiation an- 
ent at temperature T” for time ?¢’, then 
ession (4) becomes 


which takes into account annealment both 
during and after irradiation. 

This equation (4) can be applied to previ- 
ously obtained response curves showing 
dose-survival relationships at temperatures 


T | 1 exp( — } CK ar (ky, = se ae! —exp(—Crt)] /Crt) exp(—Crt’) (. D) | n 


enough to demonstrate the anneal- 
t effect. In figure 5 the two curves 
iwn are equation (4) in which ky, is 
318, kno is 0.0169 and C = 0.160 min.~* 
temperature 343°K; and ky, is 0.0326, 
lis 0.0174 and C=0.500 min.“ for 
°K. The inactivation constants were 
ien from figure 2; the points are experi- 
sntally observed. It is evident that the 
is very good, and equation (4) can be 
asidered a description of the inactiva- 
process. 
e can note that when one estimates 
ctivation constants from such responses 
using the nondescriptive function such 
fequation (1), then the value of k will 
id low in same temperature ranges (these 
} the values appearing in figure 2). 
tually one of the components, k:, in- 
ases with temperature; the other, ki, 
ars to be almost temperature-independ- 
in this temperature range as far as its 
juction by X rays is concerned. But after 
‘tain radiation times at these tempera- 
tes, survival is the result of the opera- 
n of an inactivation constant that ap- 
ars to be less than the sum of these two. 
is is a misleading answer caused by the 
srmal reduction of part of one compo- 
t, which, with respect to its formation, 
emperature-independent. 
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Fig. 5 The solid lines represent the curves de- 
scribed by equation (4) when the constants of the 
equation are those indicated in the text. The 
points are experimental ones taken from the 
studies upon which the paper by Webb, Powers 
and Ehret (’60) is based. 
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Estimation of reversible component from 
single-response curves 


The division of the inactivation constant 
into smaller components, and the recogni- 
tion of the fact that these components may 
behave differently under various experi- 
mental circumstances makes understand- 
able certain complex response curves. For 
instance, in our experience we have often 
observed that at higher temperatures the 
survival curve is such that as dosage in- 
creases, the efficiency of the radiation de- 
creases, i.e., survival at higher doses is 
higher than expected. We have previously 
proposed (Webb, Powers and Ehret, 60) 
that this is the result of thermal reversal of 
part of the radiation effect, and now we 
can demonstrate that our general expres- 
sion which takes into account independent 


(ky = kyo) Te exp (—Crt) | /Crt) + kno = —In}1 eC sy /D 


behavior of the different components d@ 
indeed constitute a valid description | 
these survival curves in terms of thé 
components. 

It is also possible now with the uses 
equation (4) to estimate the size of the 
radical component without measuringg 
directly, provided that an estimate of 
maximum radiation sensitivity can 
made. 

This can be accomplished by algebri 
manipulation of 


S=1-— E — exp (—kD) |” 
to obtain 
—k=inj1—@—=s)*}/ 


Therefore, 


since in the general case, k of equation (1) 
is written as the left hand side of equation 
(6). Now there should be a constant ratio 


—In}1—(1—8)"}/D =ky,(1—-1/Z)(}1—exp (—Cat) 6/Cat) + Bye 


whence 


—Z, 


5 ky [1 —(}1— exp (Cat) { /Cat) ] 
[mn }1— (1 — Sy" | /D +(}1 — exp (—Cat)} /Cat - ky) | 


of Class III to Class I as far as induction) 
these by X rays is concerned. Thus, © 
letting 

(k, + ky) /k, = Z, 


ay 


This is to say that knowing kno, c, and t, 
one can estimate ky, /Kxo for each D and S 
obtained experimentally, and, therefore, 
an apparent value for ki(kwo). 

As an example of the application of this, 
consider the response curve obtained by 
irradiating spores at 60°C., a temperature 
at which appreciable reversal of Class III 
should be expected by the end of the ir- 
radiation interval. From the temperature 
studies (Webb, Powers and Ehret, 60) an 
estimate of kn, at 60°C. can be made, and 
it is used in equation 7 as 0.0313 kr-}. At 
different values of S and D, with Coo: = 0.07 
minute™’, we obtain values of Z as in table 
2. The values obtained vary about the 
mean value for Z of 1.257, indicating in 
these series of experiments k: = 0.0249. 


In figure 6 the experimental points ay 
plotted and the fitted curve is superiri 
posed. The fit is coincident. | 

While this apparent value of kr allowe 
equation (4) to describe the experimenti 
points, the difference between this value ¢ 
kr (0.0249) and the one ordinarily o 
served (0.0155) is very large, and was u 
expected. Immediately, therefore, 
preparation was tested directly for kr : 


( 
' 
A 


ct 


annealment at 80°C. after irradiation 
N: at 25°C. and the measured value we 
found to be 0.0245, in perfect agreemer 
with the value obtained from the singl 
response curve. 
It is important to note that the term “ap 
parent value of k;” is used. The explani 
tion of this result is not that the real valu 
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TABLE 2 


) Values of ky,/kyo calculated from expression (7) from an experiment at 60°C.. k 
; 0.0313 for X rays, c = 0.07 min.-? : 


ns being 


S D 


t kye/kno Mean 


0.01 
0.001 
0.0001 
0.00001 


1.280 
1.180 
1,220 
1.350 


1.257 


kr (the oxygen-independent part of the 
ponse ) has changed, but rather that the 
of Class III as measured by thermal 
ealment has changed. We have pointed 
frequently that the annealment phe- 
nenon depends upon circumstances and 
ors that must be controlled, and vari- 
2 results are sometimes seen. On the 
rer hand, the variability observed after 
itirradiation treatment with NO has 
yn very small. This probably means that 
h respect to its formation, Class III is 
pendent of the experimental variables 
mg manipulated in these experiments; 
} with respect to its disappearance before 
iction with oxygen, while it is insensitive 
these variables in regard to scavenging 
NO, it is sensitive in regard to thermal 
ealment. Insofar as the variables in 
se experiments are concerned, there are 
/reasons recognized for variations in 
+ value of kz. 

erefore, the apparent value that k: 
es in this experiment is a reflection of 
‘increase at the expense of the Class III 
ponent. The value of kr at 60°C. is 
)176 kr~! (Webb, Powers and Ehret, ’60); 
srefore, the apparent value of 0.0249 
nus this value gives 0.0073 as the mag- 
ude of the decrease of Class III under 
> conditions of the experiment. Its ex- 
sted size was 0.0313 — 0.0176 = 0.0137; 
therefore, is 0.0064/0.0137, or 47% of 
usual value. 

Experimental verification of this kind of 
ange in Class III is currently being ob- 
ned. Studies in this laboratory point to 
riations in trace amounts of water as the 
ise of variability in size of the anneal- 
e component. We show (Tallentire and 
wers, 61) that direct removal of water 
vents subsequent thermal annealment, 
hough the NO component may not be 
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Fig. 6 A survival of dry spores irradiated at 
60°C. The solid curved line represents the curve 
described by equation (4) after estimation of ap- 
parent k; with expression (7). The straight line 
without points is the expected curve if no an- 
nealment had taken place during irradiation. 


affected. It should be expected that inter- 
mediate amounts of trace water should re- 
sult in intermediate degrees of thermal 
annealment. This method of calculating 
indirectly the size of the annealable com- 
ponent from the individual response curves 
will allow more rapid analysis of the fac- 
tors controlling it. 

With similar algebraic manipulations we 
can solve directly for k:, and can evaluate 
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it if a good estimate of kx, can be made. “In very recent experiments with 2 ] 
In this instance, the complex equation re-.. neutrons (E. L. Powers, M. Ebert, anc 


duces to 


[@a}1—ca—sy}) /D +1 — exp (—Cxt) | / Crt) ky, | 


—-k= 


Moore, unpublished data), in which the 10>) 
dose rate was necessarily low, and the ir- | 
radiation times long, a definite departure 4 
from the expected response was observed at 1 
high doses. Using expression (8) to evalu- 
ate kr at different points (various S’s and oly 
D’s) with C taken at 0.0024 minute™ at 5 
20°C. (Webb, Powers, and Ehret, 60), we a 
obtained the values of kr shown in table 3. 4 
The values of S and D were taken from the 
first portion of the response curve before 
deviations. 

In figure 7 are shown the experimental 
points through which is drawn the re- 
sponse curve in the form of equation (4) 
with ky, as 0.030 and apparent k; as 0.009. 
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CONCLUSIONS 


The dry bacterial spore has revealed to 
us that there are many ways in which this 
cell responds to radiation; even the single 
biological effect that we measured in our 
studies is accomplished in a number of 
different ways. The fast, oxygen-independ- 
ent portion can be subdivided into two ef- 200 400 600 
fects, the fast oxygen-dependent portion DOSE (krad) 
appears at the present time to be a single Fig. 7 The survival of dry bacterial spc 
entity, and the long-lived free radical class te: exposure to 2-Mev neutrons in Nag 


esa 5 A solid curve line is equation (4) after estimatior 
may. -be divisible into three different sub- , 4k; from the initial portion of the "sum 


units, a possible total of 6 currently recog- curve, and the apparent k; from expression § 

nized components of radiation-induced ef- oe ea ta ae and Moore, unpublis 

fects that pr . : ata). e straight line, without points, sl 

a precede and lead to biological 0.030 kr~!, is the extension of the initial par 
amage. the curve. 

TABLE 3 


Values of kr estimated from expression (8) with known ky, and c= 0.0024 min.~1, 2-Mev 
neutrons at 20°C.; 1000 rad/min. 


=! 


£ 


1O- 


1 Ss STE is) 


10°54 
(0) 


Ss D + ky 


Mean 

nue kr min 

0064 200 200 0.0133 
0.0029 250 250 0.0075 
0.00096 300 300 0.0092 
0.00040 . 350 350 0.0087 0.0090 
0.00018 400 400 0.0082 
0.000079 450 450 0.0083 
0.000057 500 500 0.0062 


0.000010 550 550 0.0107 


it has been revealed also that some of 
tise elements may act independently and 
Mave differently under different circum- 
ymces, and thus contribute to the biolog- 
@l effect to different degrees at various 
faes. Fortunately we have been able to 
Wlate them to measure their independent 
Ynaviors, thus allowing the study of their 
eractions with one another when they 
# at the same time. In this paper it is 
fbwn that with the knowledge of the 
@lependent behavior of the components 
radiation damage, one can explain the 
Gponse of a population of cells in which 
( biological effect is the result of the 
Mtions of all. Without the division of the 
Gponse into components, and the sepa- 
ice analysis of each, this would not have 
fen possible, since there are forward and 
ick effects, reversible and non-reversible 
irtions, and the reversion rules seen so 
ur are not simple ones. In the instance we 
tve examined in detail, that of thermal 
versal, the explanation fits the observed 
sult; therefore, the assumption of non- 
teraction between the components is al- 
iwed. We should expect to see interest- 
'g circumstances in which interactions 
mong certain of the components will be 
dicated; I believe our method of ap- 


teractions. 

)This approach is not to be confined to 
je spore among the dry biological sys- 
ims. There is much evidence in the liter- 
jure that other systems have the prop- 
ities of the bacterial spore, and we expect 
hat many of the same rules apply in these 
stances. It is certain that in the dry seed, 
rocesses similar to those described for 
he spore are operating, and that it will be 
ossible eventually to define critically the 
idiation response as we have done for the 
bore. The HS effect, the external O: 
ect, the low-temperature effect (Nybom, 
ustafsson and Ehrenberg, 52), the post- 
adiation O: effect (Adams and Nilan, ’58; 
aldecott, Johnson, North and Konzak, 
17), the NO effect, the existence of radi- 
als (Sparrman, Ehrenberg and Ehren- 
erg, 59; Conger and Randolph, ’59) 
nd the postirradiation heat effect (Kemp- 
yn and Maxwell, 41; Caldecott and Smith, 
2; Konzak, Curtis, Delihas and Nilan, 
0; S. Wolff and A. M. Sicard, unpublished 
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data), have been demonstrated in separate 
studies in several kinds of seeds by differ- 
ent authors. Although there are difficulties 
with this material, as for instance the ap- 
parent low permeability of the seed coats 
to gases, there are, on the other hand, at- 
tractive advantages, among them being 
biological end-points not existing in the 
spore, such as chromosomal (Adams and 
Nilan, 58; S. Wolff and A. M. Sicard, un- 
published data) effects. 

Nor should we expect that this general 
approach cannot be applied to metabolizing 
cells, such as mammalian cells handled in 
various ways. With recent improvements 
in quantitation, precision is being obtained 
and reproducible radiation constants are 
being observed (Hewitt and Wilson, 59; 
Elkind and Sutton, 60; Puck, Marcus and 
Cieciura, 56). They should be divisible 
into subunits or components. 

Not until the response of the cell to 
radiation is partitioned will the reasons for 
the response observed be understood. In- 
tuitively we know that many things must 
happen in an irradiated cell; so we know 
at the beginning that even for a relatively 
simple situation like survival of bacteria, 
a single number describing sensitivity has 
limited usefulness. The aim must be to 
delimit and isolate the separate contribut- 
ing processes and controlling circum- 
stances, in order to understand, at a later 
time, what they do in concert. 


ACKNOWLEDGMENT 


The assistance of Mr. Merlin Dipert in 
the computations is acknowledged with 
thanks. 

OPEN DISCUSSION 


R. B. SETLOw: Can you give us an 
estimate as to the chemical composition of 
the spores and an estimate as to which 
chemical species show these free radicals? 

Powers: No, sir. 

HOWARD-FLANDERS*: Are there sulphy- 
dryl compounds in these dry spores? 

Powers: We know that there are. V. 
Vinter (60) has a number of publications 
on the cystine content of bacterial spores 
(B. cereus and megaterium). 

These compounds could very well be 
playing a part, say, for instance, in the 

4P, Howard-Flanders, Yale University School 
of Medicine. 


24 E. L. POWERS 


value of n of our general expression de- 
scribing inactivation. 


STEWART’: Were your spores lyophi- 
lized? 
Powers: No, these were dried, slowly 


at first, in order to obviate ice formation. 
Freezing apparently changes the radiation 
sensitivity in our system. Then we tried 
to dry to reproducible radiobiological ef- 
fect. 

STEWART: How do you dry? 

Powers: We dry them routinely by 
pumping on them at about 1 mm for about 
an hour, and then putting them over a 
desiccant. 

STEWART: There has been some infor- 
mation published on the possibility of 
greatly varying the moisture content in the 
spore, an apparently dry spore, by equili- 
bration over various desiccants, which 
changes its water content. 

Powers: We have one of the world’s 
experts on this matter in our group, Dr. 
Tallentire. We are aware of the problems. 

BILLEN®: I wonder what the effects of 
the various treatments might have on the 
metabolic processes involved in spore germ- 
ination. If the pretreatments do affect 
such processes might not this cloud the 
interpretation of the effects on survival you 
have observed. After all, the pretreatments, 
i.e., drying, freezing, HS exposure, etc. 
may initiate reversible or irreversible dam- 
age which may only become manifest when 
the spores start to metabolize. 

PowERs: Yes, this is a proper thing to 
worry about. However, may I underline 
the fact that the reversal processes we are 
talking about concern physico-chemical re- 
versions of some sort. They have nothing 
to do with reversion of some biochemical 
damage that might be seen at the time of 
spore germination. 

BILLEN: Yes, but these treatments will 
very definitely influence posttreatment 
growth and metabolism. 

Powers: What the treatments do will 
influence things that prevent the biochem- 
istry proper to colony formation. These 
treatments are 12 and 14 hours before 
germination and, therefore, before bio- 
chemical activity. 

BILLEN: Yes, but hydrogen sulfide 
probably penetrates into the spore and 
perhaps brings about changes in some of 


the cell constituents. It is an interpret 


tion that ignores this type of variable thi 
worries me. 

POWERS: 
ing the Class III radicals. This is defini 
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Gainesville, Florida 


e size of the experimental materi- 
lin the two preceding papers and in 
own follows in an orderly sequence 
small to large. Dr. Kirby-Smith has 
primarily working on effects in mole- 
's and pure compounds; Dr. Powers 
is with larger objects, the ~] u in diam- 
bacterial spores. And I have been 
tking for almost 4 years on a biological 
ect that is actually large enough to see, 
thely, barley seeds. 

ow, in spite of the fact that each of 
are working on very different objects, 
f} in very different ways, I believe that 
(phenomena we are studying are closely 
sted and very similar, if not identical. 
own belief is that we are working on 
same thing. And, as evidence of this, 
ier the fact that we find a great deal 
irgue about with one another when we 
(together and talking about our work. 
ou may be interested to know what 
mpens when these simple physical and 
Ssical-chemical phenomena are looked 
mot in nice clean molecules or in an in- 
esimal mote of life, but in a big, nasty, 
‘using biological object like a seed, 
fm all the built-in biological crankiness 
juch an object. I believe that biologists 
le an instinctive desire, nay, an in- 
tnt demand, to have concrete demon- 
ition that some known physical or 
ical phenomena actually operate in 
fear-cut manner in a macroscopic bio- 
ical system. The disillusionment one 
fers in trying to extrapolate from simple 
jsico-chemical theory to the biological 
ality is familar to most of us. Yet, for 
| subject considered in this morning's 
sion, I believe the extrapolation is in 
st cases quite straightforward, accepta- 
/ and to a biologist, gratifying. As evi- 
ce, I offer some of the information we 


jlogical After-Effect and Long-Lived Free Radicals 


Departments of Botany and Biology, University of Florida, 


have garnered by our experiments on bio- 
logical damage and long-lived free radicals 
in irradiated seeds. Dr. Calvin Konzak of 
Washington State University is the man 
who has very kindly supplied me (and a 
lot of other people) with the barley seeds 
I use, and I am happy to be able now to 
publicly thank him. 

Surprisingly enough, many of the same 
things do happen in the seeds. And it was 
this, initially, that trapped me into work- 
ing on them. I had the hope that it might 
be possible to do radiobiological experi- 
ments for which moderately simple physi- 
cal or physico-chemical explanations would 
suffice, and in fair measure, this has 
proved to be possible. 

Curtis et al. (58) first showed that dam- 
age to dry barley seeds increased with in- 
creasing storage time after irradiation. In 
a typical experiment, dry seeds are irradi- 
ated and then either planted immediately 
(soaked in water immediately), or stored 
for some time post-irradiation before plant- 
ing (soaking in water). The change in 
amount of biological damage for a given 
dose by storage after irradiation is called 
the “after-effect” (After-effect = Dam- 
ALEstorea/ DAMAEimmediate). “Immediate” dam- 
age may be increased by storage as much 
as 20-fold, but more commonly by about 
3 to 5 times. A post-irradiation decrease 
in damage is what Powers calls “restora- 
tion,” and is equivalent to his type III 
effect. 

Biological damage in irradiated barley 
seeds can be measured as damage to seed- 
ling growth (height a seedling attains in 
~7 days of growth), survival of the seed to 
a mature plant, chromosomal aberrations, 


1 This work was supported in part by a United 
States Atomic Energy Commission grant, AT- 
(40-1)-2579, to the author. 
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or mutation. The various damages are re- 
lated. Most of the experiments measure 
damage to seedling growth, though we 
have also measured chromosome aberra- 
tions. Seedling height is inversely related 
to radiation dose and gives a typical sig- 
moidal curve against dose down to about 
10-20% of the unirradiated (control) 
height, where it strikes a dose-independ- 
ent plateau. The dose-dependent part of 
the seedling growth is due to cell division 
plus enlargement; the dose-independent 
part to cell enlargement only. Thus, sur- 
vival of seed embryo cells which divide 
after irradiation is what is being measured. 
To compare the modification by different 
treatments, sensitivity is estimated from 
dose curves as the dose required to reduce 
the height to 50% of the control, or, from 
the seedling heights at a single dose. 

I have cherished the notion, and still do, 
that the biological after-effect we see in 
the irradiated dry seeds is due to decay of 
the long-lived free radicals, derived from 
radicals initially generated by the radia- 
tion, and persisting after the irradiation is 
over. Much of Kirby-Smith’s molecular re- 
sults, and Powers’ spore results, can be 
interpreted the same way. Using conven- 
tional ESR methods (initially on Dr. Kirby- 
Smith’s machine), we were able to detect 
free radicals in seeds and seed embryos 
post-irradiation. The radical signal re- 
sides mostly in the protein and nucleic acid 
fraction of the seeds (none in fats and 
oils), is a broad signal showing no fine 
structure, has a half-width of 27 gauss and 
g value of 2.0040, i.e., it looks like a gen- 
eral featureless protein radical signal 
(Conger and Randolph, ’58). More re- 
cently we have found fine structure in the 
radical signal and changes in fine struc- 
ture following changes in conditions (gas, 
temperature, etc. ). 

My efforts have been devoted to testing 
ithe effect of various treatments (water, 
oxygen, gases, temperature, etc.) on these 
post-irradiation free radicals and on the 
after-effect phenomenon, to see if the one 
can be explained by the other. In general, 
the two agree quite well. 

My working hypothesis is that treat- 
ments which (1) increase the yield of free 
radicals present immediately after irradi- 
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ation, and (2) increase the decay of th 
radicals, also increase the biological aft 
effect. In brief, radical decay post-irrad 
tion is what causes the after-effect. | 

A simplified summary of the fact 
which alter the biological after-effect m 
be useful here. After-effect is enhanc 
or is maximal when the seeds: (1) ¢% 
dry, (2) have oxygen present, (3) are 
about room temperature, (4) are irra 
ated with low ion-density radiation (Xo 
rays), and (5) increases with increasi 
storage time. After-effect is diminished 
prevented by: (1) presence of water, ( 
absence of oxygen, (3) presence of ra 
cal scavengers (e.g., nitric oxide) and 
donors, (4) storage at low temperatt 
(below ~ —70°C.), and (5) high ion de 
sity irradiation. There may not have be 
time to grasp these generalities from t 
more detailed presentations by Kirby-Sm 
and Powers, but for all three materia 
theirs and mine, they are in the m: 
valid. 

The same factors, mentioned abo 
have been tested for their effect on ra 
cal production and decay. Treatme 
which either prevent production of ra 
cals which persist to be seen postirrad 
tion, or prevent their decay postirrad 
tion, also prevent after-effect. 

I am grateful to the Department of Bi 
ogy of Brookhaven National Laboratory: 
their hospitality, and generous assistar 
in allowing me to do this ESR radical we 
at their laboratory. 

Dryness. I feel it is important to e 
phasize that what I am and will be 
cussing here is effects in dry see 
This dryness is also true of the work p 
sented in the two previous papers. 1 
questions which were directed to D 
Kirby-Smith and Powers indicate that t 
point regarding dryness apparently is 2 
properly appreciated, or perhaps was 1 
sufficiently emphasized. The very dry c 
dition we are able to obtain in our ma 
rials is what permits the biological cha 
ber of horrors Powers and I are able 
create, and get away with, in our expe 
ments—very high vacuum and high pr 
sures, temperatures from —270° to o 
+100°C., treatment with the toxic | 
NO, the violently poisonous HS, and e\ 


pure bromine, and so on. What I 
we are doing (and the way the 
er should think of this) is some sort 
diation chemistry, or physical chem- 
, or even solid-state physics, but with 
gical materials. And the dry seeds 
d no more be considered _biologi- 
uring the radiation and these dread- 
treatments, than is Tutankahmen’s 
my. So soon as we wet the materials, 
treatments themselves become lethal. 
figure 1, I have summarized some of 
biological and free-radical results in 
s. The left axis (solid line curves) is 
biological damage or relative sensitiv- 
d comes, as I mentioned previously, 
comparisons of the 50% height 
s, taken from dose curves. Damage, 
ensitivity, of seeds sown (plunged into 
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water ) immediately after irradiation is the 
base line (relative damage = 1). The first 
graph (A) shows that damage of dry seeds 
in air increases (about 3-to 5-fold) with 
increasing storage time at +25°C. After- 
effect develops relatively slowly (about 
90% saturated after 10-15 hours), and 
continues to develop at a very low rate out 
to 4-5 weeks. This leisurely pace of de- 
velopment is, of course, far slower than 
Powers finds for his bacterial spores (full 
development in ~10—15 minutes or less) 
and is in keeping with our more southerly 
latitudes, compared with that of Chicago. 

The relative number of radicals (dashed 
lines) seen postirradiation (as per cent of 
those seen immediately) is indicated on 
the right axis. 
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TEMPERATURE DURING IRRAD. (°C) 


Influence of various environmental conditions on development of biological after- 
effect (or, on relative biological sensitivity), and on production and decay of free radicals 
in irradiated barley seeds. Solid lines, left axis: relative biological damage (relative sensi- 


tivity). Dashed lines, right axis: free radicals (relative numbers ). (A) Effect, vs storage 
time, of water content of seeds, and of ion density. Seeds irradiated and stored in air, at 
indicated water contents, with Co® gamma rays, and with uranium fission fast neutrons 
(short dashed lines). (B) Effect, vs storage time, of oxygen content. Seeds gamma-irradiated 
and stored dry (2% water). (C) Effect, vs storage time, of postirradiation storage tempera- 
ture. Seeds gamma-irradiated dry, in Ne, at 25°C.; stored dry, in Ne. All were stored for 
entire time at indicated temperature, except for the 100° biological damage results, which 
were heated to 100° for the first hour postirradiation, the rest of the time at 25 if (D) Effect 
of temperature during irradiation on yield of radicals seen immediately postirradiation (at 


25°C.). Seeds gamma-irradiated dry, in air. 
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The graphs illustrate the generaliza- 
tions given previously. For example (graph 
A), after-effect damage in dry seeds in- 
creases at the same rate and to about the 
same degree as the radicals disappear. 
Wet seeds, on the contrary, which de- 
velop no after-effect, have no postirradia- 
tion radicals. 

It was first shown by Curtis that with 
high ion-density radiation (fast neutrons ), 
in contrast to X or y rays, there is no after- 
effect in seeds irradiated either wet or dry. 
We were able to show that following neu- 
tron irradiation there were no detectable 
radicals, even after very large doses, (up 
to 120 times as large as the dose of X or 
y rays which clearly give detectable radical 
signals). I believe this fact is critical. But 
I interpret this identical effect (no after- 
effect and no radicals) of wetness and of 
high ion density as being of totally differ- 
ent origin. When the seeds are wet, no 
radicals can persist because molecules are 
free to move about and recombine very 
rapidly. With neutrons on the other hand, 
the initial ionization events—and hence 
the radicals produced from them—are so 
close together that most can recombine 
even if the material is dry. Thus, in the 
seeds, to have postirradiation radicals and 
after-effect, we must prevent radicals from 
disappearing by recombination during ir- 
radiation; and we can do so, firstly by gen- 
erating them remotely from one another, 
by low ion-density radiation, and then by 
keeping them apart long enough for them 
to persist after the radiation, as by dry- 
ness. I shall return to this subject. 

Immediately below, figure 1B, is illus- 
trated the effect of oxygen on damage and 
on radicals. Anoxia reduces decay and 
damage below that found when stored in 
air. Here again disappearance of radicals 
and development of damage are correlated. 
The exception is for high pressures of oxy- 
gen; this enhances radical decay but little, 
if at all, yet it enhances damage by a very 
large amount. I suspect, and have some 
evidence for it from chromosomal anal- 
ysis, that the high pressure of oxygen has 
a biological synergistic effect, something 
we had found previously with dry pollen 
(Conger and Fairchild, 52a and b). 
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As to oxygen, from these results ¢ 
from others, we believe that postirrac 


al 
tion free radicals may, under some co 


tions, be disposed of harmlessly. Buti 
they be exposed to oxygen, they are cy 
verted to organic peroxyl radicals 


H H 
RC-+0, ————> RCOO- 
H H 


and either the formation of the pero ‘ 
radical, or of something derived fromph 
is the event which leads to additional k 
logical damage. Powers has shown 1 
same thing for his bacterial spores. \ 
should note, however, that he finds 

after-effect in the anoxic state, whereas # 
do, even though less than when oxyge 
present (fig. 1B). 

The two graphs on the right (figs. 1 
and D) illustrate the effect of temperat 
during or after irradiation. Postirradiati 
heating enhances damage and decay ( 
1C). The biological results are firm 
the cold and +25°C. curves, but are 
yet for the biological experiment at +10 
I cannot yet say if the 100° heat shock + 
1 hour enhances damage or only or) 


the rate of its development. In any ca} 
the biological damage increases as d 
radical decay, as shown for the other tr 
ments. These results disagree with Powe 
“heat annealment” results in his 
spores, in which heat-shock postirradiati 
reduced the damage. 
The experiment (fig. 1D) on effect’ 
temperature during irradiation on yield 
radicals seen immediately after was und 
taken because of our general notion tl 
any agent—water, high temperature, e 
—which increased molecular mobility G 
decreased the rigidity of the solid gla: 
or crystalline seed embryo system) a 
increased radical recombination; the : 
result would be a concomitant reducti 
in radicals surviving to the end of irra 
ation, and of damage which could sub 
quently develop. The results appear 
bear this out. At above zero temperatut 
radical disappearance is very greatly 
hanced in the moist seeds, as expect 
but not in the dry, even up to +100°. Rz 
cal survival or preservation in dry se 
will doubtless decline at still higher t 
peratures, but we have small hope of be 


to do biological experiments in this 
ge. The temperature-dependence of 
gical survival at below zero temperatures 
i ight, and less for moist than for dry. 
| feel that the mechanism by which 
aical yield is modified by temperature at 
i) and at high temperatures is different. 
iis is discussed later, in connection with 
yer content, which shows the same 
Ch nomenon. 

figure 2 shows the effect of one particu- 
)\factor—water content—upon the num- 
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ig. 2 The influence of water content of 
mma-irradiated barley seeds on: @, O,---, 
ber of free radicals seen immediately post- 
hdiation, and, 1, , amount of postirradia- 
h biological damage (after-effect) which will 
relop (when stored long enough, 7 days in 
, to allow full development). Seeds gamma- 
bdiated, in air, at 25°C. 


of radicals present immediately after 
adiation (dashed line), and on the 
ount of after-effect damage which will 
elop in seeds irradiated and stored (4 
ys, long enough to develop full after- 
fect) at the indicated water contents. 
irtis et al. (58) first showed that radio- 
nsitivity of seeds was independent of 
ter content if they were sown immedi- 
sly postirradiation; but if stored, for a 
ne long enough for the after-effect to 
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saturate itself, sensitivity varied with water 
content as shown on the curve—decreas- 
ing from a maximum at about 4% water 
to none at 12% or greater. Now when we 
looked at the radical yield immediately 
postirradiation (the dashed line) we found 
a striking similarity. After-effect damage 
is just about proportional and at the same 
water contents, to the number of free radi- 
cals available for postirradiation decay. 

But we found an additional and totally 
unexpected result, namely, when we went 
to “super dry” states, i.e., to water con- 
tents below that (~3-4% ) studied by Cur- 
tis, the curve for radical yield went down 
to approximately 60% of the maximal 
yield found at a water content of ~3-4%. 

Since this turnover of the radical curve 
in the “super dry” region below 4% water 
(down to 0.9% water) seemed so critical, 
we sought for it in biological damage ex- 
periments and have been able to demon- 
strate it. From experiment to experiment, 
our biological curves shift back and forth 
somewhat on the per cent water axis, but 
they do bend over, as I hoped we could 
find. 

I was very puzzled initially for any 
mechanism to explain this curve, first for 
the radical yield and then confirmed for 
damage, which goes through a maximum 
at some point (~3% water in my mate- 
rial), and declines both above and below. 
As a working hypothesis, I have assumed 
that what counts in these reactions is the 
degree of molecular mobility in the seeds. 
If, as I suspect, the dry seed embryos 
should be thought of as glassy or crystal- 
line solids, then we should speak of the 
rigidity of the solid as being the critical 
factor. Since, of course, I feel I am dealing 
with radical reactions, I really mean radi- 
cal mobility, not of the initial radiation- 
induced radicals, but the mobility of the 
long-lived organic free radicals derived 
(by many steps) from them. Many of our 
results, not only on water content, but also 
on temperature during and after irradia- 
tion, are interpretable on this basis. Of 
course, this simple model of molecular 
mobility may not be correct (and in some 
particular cases I feel that other explana- 
tions are required) but in most cases it is 
useful. 
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Curves such as figure 2—a maximum at 
some point, and declining values above 
and below—have been found in radio- 
chemical reactions. The most pertinent 
to my case, I believe, are results on the 
effect of various factors on radiation-in- 
duced degradation or radical formation in 
organic monomers and polymers. In these 
materials, curves of the same shape were 
generated by changes of such factors as: 
molecular size, degree of cross-linkage, 
concentration of solute, temperature dur- 
ing and after irradiation, and some others. 
The one characteristic all these factors in- 
fluence in common is molecular (radical) 
mobility, i.e., the rigidity of the solid. Some 
change it by altering the molecular size, 
others by altering the rigidity of the me- 
dium the molecules (radicals) find them- 
selves in. 

Consider the maximum at a certain ir- 
radiation temperature (e.g., fig. ID). At 
temperatures above the maximum, radical 
yield (and after-effect) diminish because 
movement is so free that most radicals 
have a range of movement which permits 
encounter leading to recombination and 
disappearance (believed harmless). At 
temperatures below the maximum, the 
medium is so rigid that molecular recoil 
of the sister fragments from an ionization 
event is prevented; the radical pairs are 
held so close together that most disappear 
by instantaneous recombination. It can 
be seen that this last argument reduces to 
almost the same one used for the high ion 
density results from fast neutrons; the 
difference is that instead of being held 
together as with cold, with neutrons, the 
radicals are generated in large numbers 
so close together along the proton track 
that lateral (and instantaneous) recom- 
bination of adjacent radicals becomes a 
highly likely event. And similarly for the 
other factors—there is some optimal 
“rigidity” which is low enough so that the 
radical pairs are permitted to move apart 
and become remote at generation (reduc- 


ing recombination), but high enough 
they are prevented subsequently from fr 
movement and encounter with one a 
other. In our own experiments, we inteé 
pret our water content results, and oj 
temperature during and temperature aft 
results, on this basis. 

So, in conclusion, we have a model 
which several processes are going on. Rag 
cals once produced may recombine, or 
act with other biological molecules. If thi 
recombine, the process is mostly harmles} 
If they react with other molecules, a fra 
tion will react with biologically critic 
molecules and so cause more damag 
Factors which generate radicals close t 
gether (high ion density irradiation) 
hold them together (very low temper; 
tures, dryness, very rigid states) enhan 
rapid recombination and result in fe 
radicals postirradiation and in little afte 
effect. Factors which permit freedom ¢ 
movement (high temperature, high wat 
content, low rigidity ) have the same res 
On the other hand, given conditions duri 
irradiation which permit survival of rac 
cals, then conditions afterwards whici 
permit free movement enhance recom 
nation and reduce damage; those whi 
reduce movement reduce recombinati 
and permit more reaction resulting in mo} 
damage. And an important part of the r 
action process leading to more damage | 
the conversion of the long-lived radica! 
to peroxyl radicals by reaction with oxyge: 


‘ 
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»xyribonucleic Acids’ 


ne effect of ultraviolet light (UV) on 
pounds of biological interest has been 
Subject of numerous investigations. In 
bent excellent and comprehensive re- 
i, Shugar (60) has described and evalu- 
the effects of UV on nucleic acids and 
wonstituents. At the chemical level it 
d appear that of the deoxyribonucleic 
1(DNA) bases, the pyrimidines are al- 
1 more readily than the purines ( Wier- 
ewski and Shugar, 61). Recent work 
‘ikers and Berends, 60, and Wang, ’60, 
) pertaining to the photochemistry of 
jeic acids has opened a new dimension 
ne field by invoking thymine-dimer for- 
fon when this pyrimidine is irradiated 
UV either in the frozen state or in its 
> natural habitat, DNA (in solution) 
cker, Dellweg and Weinblum, ’60; 
ers, Ijlstra and Berends, *60; and 
ker, Dellweg and Lodemann, 61). At 
physical chemical level of UV-induced 
\ damage, many changes have been 
scted and described, but the most sen- 
je thus far would appear to be the low- 
ig of the thermal denaturation tempera- 
1 of native DNA (Marmur and Doty, 
|. At the biological level, the inactiva- 
lof transforming factor DNA, while not 
ensitive as the killing of bacteriophage, 
s the most convenient means of study- 
| at the macromolecular level, the end 
ilts of UV irradiation on DNA. Another 
ful biological index of UV damage to 
A is the progressive increase in com- 
nent-fixing ability of the irradiated 
A as a function of dose (K. Herrington, 
ublished results; Marmur and Gross- 
im! 61). 

he purpose of the present communica- 
is to present data bearing on the ef- 
s of UV on DNA at the macromolecular 
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level, obtained by the use of biological, 
chemical and physical-chemical tools, with 
the hope that their combined approach 
may be useful in explaining the effects that 
occur in vivo. 


MATERIALS AND METHODS 


Transformation 


Transformation of Diplococcus pneu- 
moniae (R-36A) was carried out according 
to the method of Fox and Hotchkiss (’57). 
Bacillus subtilis (168) transformation was 
carried out as described by Spizizen (’59). 


Deoxyribonucleic acid 


DNA was isolated from exponentially 
grown cells by the method of Marmur (61). 
Hybrid N‘*—N® Escherichia coli B DNA 
was isolated from cells first grown for 
many generations in N*H.Cl as the sole 
nitrogen source followed by one generation 
(doubling of the turbidity) in N** medium 
(Meselson and Stahl, 58). Other DNA 
samples used in this study were isolated 
from T.r*, Streptomyces viridochromo- 
genes (94), Shigella dysenteriae (15), D. 
pneumoniae, Pseudomonas aeruginosa 
(B-23), Clostridium perfringens (87b), B. 
subtilis, E. coli strains I and K-12, and 
Serratia marcescens. The values listed by 
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Belozersky and Spirin, *60, were used for 
the base compositions of the DNA from 


these organisms. 


CsCl density-gradient centrifugation 


The method employed is similar to that 
described by Meselson, Stahl and Vinograd 
(57). DNA in approximately 5.7 M CsCl 
was centrifuged at 44,770 RPM for ap- 
proximately 24 hours and the banded DNA 
photographed using ultraviolet absorption 
optics. By using a standard DNA of known 
density (isolated from Cl. perfringens or 
N®-labeled Ps. aeruginosa), the buoyant 
densities of the banded DNA were calcu- 
lated after first tracing the photographs 
with a Joyce-Leobl microdensitometer. 


Ultraviolet irradiation 


DNA solutions were irradiated using an 
Hanovia Sc-2537 mercury resonance lamp 
(unless otherwise stated) fitted with an 
acetic acid (43% ) filter (Oster and Mc- 
Laren, 50). The solutions were exposed 
to UV in a quartz vessel of 1 cm path 
length while the solution was mixed by a 
small quartz stirrer driven at approximately 
300 RPM. The light intensity was varied 
by altering the distance from the lamp 
housing and was calculated by means of 
an uranyl oxalate actimometer (Daniels, 
Mathews, Williams, Bender and Alberty, 
56 ). 

Viscosity 


The intrinsic viscosity of the DNA sam- 
ples was determined using a four-bulb 
multigradient viscometer of the Ubbelodhe 
type to allow an empirical extrapolation to 
zero gradient. The solutions were dissolved 
in 0.15 M NaCl plus 0.015 M Na citrate 
and the values are expressed in deciliter 
per gram (dl/gm). 


Sedimentation 


Sedimentation coefficients of native and 
denatured DNA samples were determined 
in a Spinco Model E ultracentrifuge fitted 
with ultraviolet absorption optics. Solu- 
tions were centrifuged at a concentration 
of 20 ug/ml in centrifuge cells fitted with 
Kel-F centerpieces. Molecular weights of 
denatured DNA samples were determined 
from their sedimentation coefficients using 
the relationship established by Eigner 


AND OTHERS 


(60); for native DNA samples, the 1 
tionship established by Doty, McGill } 
Rice (758), was used: | 

S20, w = 0.063M?-87 


Formamide denaturation 


To denature DNA prior to CsCl den: 
gradient centrifugation, samples were 
lyzed against two changes (one hour e 
shaking at 37°C.) of 100 volumes of 
98% formamide (Fischer Reagent Che 
ical) containing 0.15 M NaCl plus 0.01 
Na citrate at neutral pH (Marmur and T| 
61). The formamide was removed 
dialysis prior to centrifugation. 


Photoreactivation 


Photoreactivating enzyme from ba 
yeast was generously supplied by Drs 
Rupert and R. M. Herriott. Photoreacti 
tion was carried out at 37°C. in a the 
statted water bath at a distance of 2 
from a Sylvania 15-watt “cool-w 
(F15T8-CW ) lamp. The reaction was | 
minated by immersing the sample in| 
ice bath. 


Sonic treatment | 
Sonic degradation of DNA was ca 
out in the presence of the free-radical tx 

ping agent, AET, as described by 
Marmur, Ephrussi-Taylor and Doty, 58. 


Formaldehyde reaction 


In order to test the reactivity of nat 
and UV-treated DNA with formaldehy 
(Fraenkel-Conrat, 54), 2.5 ml of the D 
solution in 0.15 M NaCl plus 0.015 M 
citrate held at 50°C. in glass-stoppered 
vettes in the Beckman DU spectrophote 
eter chamber was mixed with 0.2 ml o 
37% formaldehyde solution. By follow 
the absorbance (OD) at 270 mu at z 
time (T)), at any time (T) during 
course of the reaction and after com 
tion of the reaction (F), the reaction-r 
constant (k) could be derived from 
slope obtained by plotting the time of 
action in hours against 

2.3 log (ODr — ODr)/(ODr — OD,,). 


Acid titration 


To DNA at a concentration of 20 ug, 
in 0.05 M NaCl, at 25°C., was added 
creasing amounts of HCl. After each a 


of acid, the pH and absorbance were 
rmined. The absorbance relative to 
obtained at the neutral pH was then 
ed as a function of the pH. The pH 
alf denaturation is referred to as pHi) 
nville and Geiduschek, ’60). - 


EXPERIMENTS 


ffects of ultraviolet irradiation on the 
biological activity of DNA 


. Comparative sensitivities of trans- 
ing DNA and phage viability. Since 
bacteriophage genome presents a larger 
s-section (Hershey and Burgi, ’60), 
many more vulnerable areas to the 
e UV dose than does a genetic marker 
ted on a transforming DNA molecule, 
t et al., 58), it would be expected that 
of phage viability would be more sen- 
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2% 109) was suspended in 0.01 M phosphate 
er, pH 6.9 containing 0.001 M Mg*t for the 
diation. Transforming DNA was irradiated at 
oncentration of 40 ug/ml. Irradiation of the 
A in the phosphate-magnesium buffer or in 
5 M NaCl plus 0.015 M Na citrate gave es- 
tially similar results. 
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sitive than the inactivation of transform- 
ing activity. This has been found to be the 
case (fig. 1). The capacity for expression 
of the genetic units of the transforming 
DNA is initially inactivated by UV irradia- 
tion with single-hit kinetics at an approxi- 
mate rate of one hit to the streptomycin or 
indole locus per 6-10 phage lethal dam- 
ages. This is approximately of the same 
order of magnitude for the inactivation of 
the A cistron of r*y and of Ts phage via- 
bility (Krieg, ’59). 

2. Differential sensitivities of genetic 
markers of transforming DNA _ isolated 
from the same source. The differential 
inactivation of genetic markers of trans- 
forming DNA has been reported previously 
(Zamenhof, Leidy, Greer and Hahn, ’57; 
Lerman and Tolmach, ’59; Rupert and 
Goodgal, 60; and Stuy, 61). In general, 
no correlation has been found between the 
UV sensitivity of genetic markers associ- 
ated with transforming DNA and their 
susceptibility to inactivation by thermal 
denaturation. Since the latter property is 
related to the average base composition of 
the DNA molecule (Marmur and Doty, ’59; 
Doty, Marmur and Sueoka, 59), while the 
former is related to the differential sensi- 
tivities of the individual markers, no direct 
correlation would be expected, since the 
DNA molecules of bacterial origin are 
rather homogeneous in base composition 
(Sueoka, 59). This does not rule out the 
possibility that the differential UV sensi- 
tivities are related to specific sequences of 
the bases for different markers. Figure 2 
shows the UV sensitivity of the unlinked 
markers controlling histidine and indole 
utilization of B. subtilis DNA. 

It was thought of interest to study the 
inactivation of linked genetic markers that 
reside on the same transforming DNA 
molecule. D. M. Green and A. Ravin (un- 
published results), have shown that the 
ery: and ery; markers of D. pneumoniae 
which control the resistance to the anti- 
biotic erythromycin, behave in transforma- 
tion experiments as if they were linked. 
Using their strains of this organism, it was 
found that the DNA carrying the linked 
ery, and erys markers as well as the un- 
linked streptomycin marker displayed a 
higher UV resistance of the ery: than of 
the ery; marker. Both of these markers 
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Fig. 2 Effect of UV light on the transforming activity of B. subtilis DNA. DNA isolated 
from wild type cells of B. subtilis (168) was irradiated at a concentration of 17 ug/ml and 
then assayed using strain SB1 (obtained from Dr. E. Nester) requiring indole and histidine 


(unlinked) for growth. 


were more resistant than the linked ery:- 
erys. Streptomycin marker sensitivity ap- 
proximately equaled erys marker sensitiv- 
ity (fig. 3). 

It would be difficult to attribute the 
large differences in UV sensitivities of the 
ery: and ery; markers to variations in aver- 
age base composition since the markers 
reside on the same DNA molecule (and 
thus would not be expected to display pro- 
portionate differences to UV sensitivity in 
average base compositions in the marker 
regions). Also, the variations in the UV 
sensitivity of the linked markers cannot be 
due to differences in the size of the DNA 
molecule with which the genetic markers 
are associated since they are both on the 
same molecular unit. These differential 
UV inactivations may be due to: variations 
in the size of the genetic marker or of the 
surrounding regions which may be neces- 
sary for effective genetic exchange; differ- 
ent sequences of the bases in the DNA mol- 
ecule which may favor certain photochemi- 
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cal lesions within selected regions akin | 
the favoring of the “hotspots” of — 
sites of bacteriophage (Benzer, 61); 
position of the genetic marker along t 
DNA molecule which may be an importa 
contributing factor if energy transfer p 
cedes the inactivation event, etc. At 
moment it is difficult to evaluate the c 
tribution of either or all of these po 
bilities. However, the first possibility, t 
of marker size, is subject to evaluati 
Lacks and Hotchkiss, 60 and Rogers 
Hotchkiss, ’61 have proposed that the re! 
tive size of the genetic units of transfor 
ing DNA can be estimated from thi 
thermal stability below the denaturati' 
temperature as well as from their trar 
forming efficiency. Both these criter 
point to the ery: marker occupying 
smaller region (and thus a smaller U 
sensitive target) than the ery. marker. 
3. Effect of molecular weight of DNA. 
UV sensitivity. A proper evaluation of t 
UV inactivation of transforming activ: 


es some knowledge of the molecular 
apf the DNA that has been irradiated. 
: ading conclusions may be arrived at 
Mmterpreting differential inactivation 
}) if the irradiated samples may vary in 
s/(Ellison and Beiser, 60). Also, the 
iribution of the size of the DNA mole- 
ito the rate of inactivation may shed 
b light on the factors influencing the 
ye of the UV dosage-response curve. 
fh this relationship in mind, a study was 
pertaken to evaluate the molecular 
ht effect for the inactivation of several 
ked markers of D. pneumoniae. DNA 
his study was subjected to sonic vibra- 
\which has been shown to cause double 
#n scission of the molecules (Doty, Mc- 
and Rice, 58). Sonic vibration alone 
icause a loss in transforming activity 
|to a lowering of the molecular weight 
} size too small to satisfy the require- 
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ments for cell entry and/or the disruption 
of the marker region (Litt et al., 58). A 
homologous series of sonically prepared 
DNA samples varying in molecular weight 
were made from the same DNA (initial 
molecular weight: 8.5 X 10°). A dosage- 
response curve was obtained for each 
sample. The results for the marker confer- 
ring streptomycin resistance are shown in 
figure 4. Similar results have been ob- 
tained with the genetic marker conferring 
resistance to bryamycin and erythromycin. 
It is immediately apparent that the same 
genetic marker, residing on smaller mole- 
cules, is more resistant to UV. The 
quantum yield (McLaren and Takahashi, 
°07) for the UV inactivation of the strepto- 
mycin marker using a preparation of M.W. 
3.2 X 10° was 3.9 X 10°° mole/Einstein 
for the fast component of the dosage-re- 
sponse curve and 9.8 X 107° mole/Einstein 
for the slow component. 


markers of D. pneumoniae DNA. 
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i UV light on the transforming activity of unlinked and linked genetic 
SAE ae peel * DNA isolated from a strain of D. pneumoniae Rx eryz2erysstr 


i i i i level of erythromycin 
from Drs. A. Ravin and D. M. Green) resistant to a high ] 
ES. en as well as streptomycin was irradiated at a concentration of 40 ug/ml in 0.15 M 


NaCl plus 0.015 M Na citrate. 


The irradiated samples were assayed using R-36A as the 


receptor strain. The same strain of D. pnewmoniae was used as the receptor strain and 
mutants thereof for the source of transforming DNA. 
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Fig. 4 Effect of UV light on the transforming 
activity of sonically treated D. pneumoniae DNA 
of varying molecular weights. DNA was sonically 
treated at a concentration of 220 ug/ml in 0.15 
M NaCl plus 0.015 M Na citrate containing 2.5% 
AET. The AET was then removed by dialysis and 
the samples irradiated at concentrations of 36-38 
ug/ml in 0.15 M NaCl plus 0.015 M Na citrate. 


By invoking the differences in the size 
of the DNA molecules irradiated rather 
than the heterogeneity of the genetic units 
controlling similar functions inferred from 
the differential inactivation curves of the 
marker in different column elution frac- 
tions, the results of Ellison and Beiser, ’60 
are readily explicable. 

The results shown in figure 4 may help 
to explain, in part, the shape of the inac- 
tivation curves of transforming DNA. It is 
possible for instance that, when isolated, 
DNA molecules carrying a specific genetic 
marker are located on molecules hetero- 
geneous as to molecular weight. The 
genetic marker associated with larger 
molecules would be inactivated at a faster 
rate than those associated with the smaller 
molecules and thus give rise to a dosage re- 
sponse curve with a continuously changing 
slope. However, the fact that DNA iso- 
lated from irradiated cells also results in 


a somewhat similar, multicomponent cu: 
(Stuy, 61), diminishes the contributiot 
this explanation. However, if the 
isolation procedure is carried out in a mi 
ner that would lead to a wide distribut 
of molecular weights, one might obtai 
different inactivation curve than woul 
obtained with a more carefully isolé 
and thus more homogeneous preparati¢ 

The effect of molecular weight on - 
UV sensitivity fits two different hypothe 
that have been proposed to explain © 
irradiation inactivation curves. One is tk 
of L. S. Lerman (personal communi 
tion) who believes that the absorption 
a photon can result in a photochemical 
sion at a site removed from the absorpti 
site or lost at certain singularities of t 
DNA molecule. He invokes the concept 
excitation transfer and assumes that t 
lifetime of the excitation is related to t 
distance between single sites such as pl 
tochemical lesions. Thus, by increasi 
the UV dose (which is mimicked by t 
sonic treatment), the interval betwe 
singularities is decreased, resulting in 
shorter lifetime of the excitation and her 
a higher resistance to irradiation. 

The other explanation, extrapolat 
from the findings of the inactivation 
bacteriophage, is based on the hypothe 
that genetic exchange is facilitated by 
tegrity of the DNA molecule extending 
yond the marker regions. UV induced 
sions in these regions which can be rescu 
by recombination with the genome of 1 
recipient organism, as well as the marl 
region itself, would reduce the chances 
effective genetic exchange. The probabil 
of rescue by recombination from link 
damages becomes progressively smaller 
the UV lesions occur closer to the marl 
region (Krieg, 59). At high doses, the lin 
ing slope would thus represent the in 
tivation due to a direct hit, the probabil 
of rescue having been greatly diminish 
Either or both explanations may serve 
explain the shape of the UV inactivati 
curve for the loss of biological activity 
transforming DNA or of other biologi 
material. 

4. Effect of HNO: pretreatment of Di 
on UV sensitivity. Nitrous acid treatm 
of transforming DNA results in a loss 
biological activity most likely because 


Heamination of the amino groups 
ih participate in the normal hydrogen 
ing of specific complementary base 
| (Zamenhof, Alexander and Leidy, 
WRautz-Freese and Freese, 61). Pre- 
ment of D. pneumoniae DNA with 
» so that 16% of the streptomycin 
worming activity remained, rendered 
yemaining activity more resistant to 
jactivation than an aliquot which had 
een pretreated (fig. 5). No significant 
ges in molecular weight resulted from 
NO, treatment since the sedimenta- 
oefficient remained unaltered. It is 
able that the chemically induced “le- 
ig resulting from the HNO: treatment 
! imic those produced by either UV 
ament itself (Guiduschek, 61; Marmur 
rossman, 61) or sonic degradation 
le DNA all of which lead to the same 


esult in rendering the biological inac- 


HNOz TREATED TP 
TO 16% ACTIVITY 


NORMAL TP 


18 30 42 
UV DOSE (ergs/mm? x10?) 
4.5 Effect of UV light on the transforming 
4 ty of normal and nitrous acid treated D.z 
moniae DNA. Normal DNA and DNA which 
‘been exposed to HNO» ( Zamenhof, Alexander 
Meidy, 53) to 16% remaining streptomycin 
sforming activity, each at 15 ug /xol in 0.15 M 
i plus 0.015 M Na citrate were irradiated and 
ted for their ability to transform to strepto- 
in resistance. 
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tivation by UV more resistant than native, 
untreated DNA. 

5. Effect of irradiation of host cells on 
the assay of UV-treated DNA. It would 
seem possible that the UV-induced lesions 
of DNA, if they occur within the regions 
of the molecule that are homologous to the 
corresponding molecules in the host cell, 
might be repaired at some stage in the act 
of transformation. By UV irradiating the 
recipient cells, lesions might be induced 
(Rupert, 61) which, if they corresponded to 
those in the irradiated transforming DNA, 
would prevent their repair. This was found 
to be the case (fig. 6). The assay of UV 
irradiated transforming DNA from D. 
pneumoniae shows a higher recovery on 
non-irradiated than on irradiated cells. It 
would of course be naive to suggest that 
the above explanation is the only reason 
for the observed results. 

6. Effect of UV on the inactivation of 
homologous and heterologous DNA. By 
thermally denaturing a mixture of strepto- 
mycin marked DNA with an excess of wild 
type DNA and subsequently annealing the 
material at a temperature below the melt- 
ing temperature (T»), it is possible to con- 
vert the homologous genetically marked 
DNA to the heterologous renatured state 
(J. Marmur, D. Lane and P. Doty, unpub- 
lished results; Marmur and Lane, ’60). 
The question that can be asked is whether 
this heterologous DNA (one strand carry- 
ing the marker conferring streptomycin re- 
sistance and the other the wild type allele) 
is more or less sensitive to UV than is 
homologous renatured DNA. In making 
the comparison, it is necessary to provide 
the proper control; the homologous DNA 
alone was denatured and annealed at the 
same total concentration that was em- 
ployed in preparing the heterologous DNA. 
Figure 7 shows that both the heterologous 
DNA and the renatured homologous DNA 
have the same sensitivity to UV. This con- 
clusion is in keeping with the evidence 
that in transformation, only one of the two 
strands is believed to be effective in carry- 
ing out a phenotypically observable trans- 
formation of the recipient cell (J. Marmur, 
D. Lane and P. Doty, unpublished results ). 
The results, at variance with those of 
Herriott, 61, may be explicable either by 
the differences inherent in the biological 
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Fig. 6 Effect of UV light on the transforming activity of D. pneumoniae DNA assayed on 
normal and UV treated cells. DNA isolated from streptomycin resistant cells of D. pneu- 
moniae was irradiated at a concentration of 40 ug/ml in 0.15 M NaCl plus 0.015 M Na 
citrate and then assayed on normal streptomycin sensitive cells and on UV treated cells, 
which on the average, retained 70% of their viability. The results on the irradiated cells 
represents the average of several experiments. 


material used to carry out the experiments 
or by the fact that the UV inactivation of 
the heterologous DNA was compared by 
Herriott to that of native homologous 
DNA instead of renatured DNA. It is known 
(Doty, Marmur, Eigner and Schildkraut, 
60) that the thermal exposure used in the 
conditions for denaturation and renatura- 
tion causes some backbone breakage of the 
DNA. Since there is a molecular weight 
effect on UV sensitivity (see section A-3), 
it is necessary that the UV inactivation 
curves be carried out on samples that had 
been exposed to the same thermal condi- 
tions. 


B. Effects of ultraviolet irradiation on the 
physical chemical properties of DNA 


1. Effect of UV on the stability of the 
DNA helical structure. Since UV is known 
to cause photochemical alterations of the 
pyrimidine residues of DNA with relatively 
high quantum yields (Shugar, 60), and 
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since the integrity of the base residues: 
necessary to maintain the stability of t 
double-stranded DNA molecule, it was I 
lieved possible that UV irradiation wov 
weaken the stability of the structure. TI 
effect, most likely produced as a result 
localized interference with normal hyd 
gen bonding, was followed by a number 
techniques. 

(a) Lowering of the melting temper 
ture Tn, of DNA. The helix-coil transiti 
of DNA can be readily followed by the : 
crease in relative absorbance which ; 
companies the disruption of the hydrog 
bonds and the resultant separation of t 
strands. The midpoint of the absorban 
rise, the Tn, is indicative of the stability 
the DNA molecule. When DNA is expos 
to varying doses of UV, the T, shifts 
lower temperatures and the relative abso: 
ance change (hyperchromic shift) is 
minished (fig. 8). The lowering of the 
reflects a weakening of the helical DD 
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Fig. 7 Effect of UV light on the transforming activity of renatured homologous and 


eterologous DNA. Heterologous renatured DNA was prepared by denaturing and annealing 
treptomycin marked together with wild type DNA (1:3), each at a concentration of 40 ug/ 
in 0.3 M NaCl plus 0.03 M Na citrate. The homologous renatured DNA was prepared by 
enaturing each DNA (wild type and marked) separately, at the same concentration and in 
the same solvent, and mixed before irradiation. The irradiation was carried out in the same 
solvent and aliquots removed and assayed after varying UV doses for their ability to trans- 


orm to streptomycin resistance. 


ture, while the inability to attain the 
increase of absorbance may reflect 
initial denaturation caused by the UV 
alone and/or the inability to separate 
letely all the DNA molecules that 
> suffered UV damage. The latter ex- 
ation would seem plausible if cross- 
ing of the two complementary DNA 
nds could take place (see section B-3b). 
he lowering of the denaturation tem- 
ture of irradiated DNA might be help- 
n explaining the results of Zamenhof, 
y, Hahn and Alexander, 56. They 
id that genetic markers associated with 
ophilus influenzae DNA were “un- 
lized” when the DNA was exposed to 
since it was found that the transform- 
activity was more thermal-labile than 
rradiated DNA. Their observed “un- 
lization” of the genetic material most 
y reflects the weakening of the double- 
al structure by UV as shown above. 


The results of figure 8 can be sum- 
marized for irradiated D. pneumoniae DNA 
as well as DNA isolated from Ps. aeru- 
ginosa, Serratia marcescens and E. coli by 
plotting the Tn against the UV dose (fig. 
9). Slight variations are observed in the 
rate of fall of the T,, depending on the base 
composition of the microbial source being 
irradiated. D. pnewmoniae DNA, with the 
highest mole per cent adenine-plus-thymine 
composition examined, exhibits the high- 
est sensitivity in this test. 

(b) Lowering of the melting tempera- 
ture of poly (A+ U). Since the synthetic 
polyribonucleotide copolymers mimic the 
properties of DNA and RNA (Doty, Boedt- 
ker, Fresco, Haselkorn and Litt, 59), it 
was of interest to see if the lowering of the 
Tm could be observed with a polymer such 
as poly (A+U). Figure 10 shows that 
this synthetically prepared polymer be- 
haves in a similar manner to DNA when 
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subjected to UV irradiation. K. L. Wier- 
zchowski and D. Shugar (personal com- 
munication) have obtained similar results. 

(c) Raising of the acid transition range, 
pHi. The helix to coil transition of DNA 
can also be induced, at room temperature, 
by lowering the pH. A sharp increment in 
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Fig. 8 Effect of UV light on the thermal dena- 
turation of D. pneumoniae DNA. DNA in 0.15 M 
NaCl plus 0.015 M Na citrate at a concentration 
of 20 ug/ml was irradiated for varying periods of 
time. Each sample (in the same solvent) was 
then placed in a quartz, glass stoppered cuvette 
and heated in the Beckman spectrophotometer, 
model DU. The absorbance relative to that at 
25°C. was calculated and plotted as a function of 
temperature of the DNA solution. 
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the relative absorbance occurs when 
native DNA molecule collapses; the 
is the pH at the midpoint of the absorba 
increase (Bunville and Geiduschek, % 
Figure 11a shows the titration curve: 
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Fig. 9 Effect of UV light on the thermal c 
turation of DNA samples varying in base 
position. DNA extracted from Ps. aerugi 
(67% G-+C), Serratia marcescens (58% G4 
E. coli (50% G+C) and D. pneumoniae (38 
G+ C) was irradiated for varying doses anc 
absorbance-temperature curve determined a: 
scribed in the legend of figure 8. The half « 
turation temperature, Tm, was then plotted 
function of the dose. 
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Fig. 10 Effect of UV light on the thermal denaturation of poly (A + Upiaeeol 
: . y (ATU 
in 0.15 M NaCl plus 0.015 M Na citrate at a concentration of 20 ug/ml was fede fol 
varying periods of time at a light intensity of 4.4 x 103 ergs/mm2/min. and the absorbance 
temperature curve determined as described in the legend for figure 8. 
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ection on Materials and Methods. 


adiated DNA from various microbial 
es which vary in base composition. 
§dip in the relative absorbance preced- 
he denaturation is accentuated for the 
i, samples possessing a higher guanine- 
Scytosine composition and is believed 
due to the protonation of the cytosine 
dues. When the same samples are ir- 
ated, the pHi, shifts to higher values 
the dip due to the cytosine disappears 
111b). Also the breadth of the transition 
Sider for irradiated than for nonirradi- 
Ss samples. Besides confirming the hy- 
jesis of a weakening of the DNA struc- 
by UV, these results provide evidence 
ithe photochemical alteration of the 
sine residues. 
1) Increased reactivity with formalde- 
>. Denatured DNA reacts more readily 
formaldehyde than native DNA 
)ssman, Levine and Allison, ’61; Hasel- 
h and Doty, 61). When D. pneumoniae 
\ was exposed to UV, its reactivity with 
aldehyde was greatly increased (fig. 
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| Fig. lla Acid denaturation of various DNA samples in 0.05 M NaCl at 25°C. DNA ex- 
Qracted from the organisms listed in the figure was titrated with HCl spectrophotometrically 
Sis described in the section on Materials and Methods. 

Fig. 11b Effect of UV light on the acid denaturation of various DNA samples in 0.05 M 
aCl at 25°C. Each sample of DNA at a concentration of 20 ug/ml was exposed to a dose of 
433 x 10¢ ergs/mm? and then titrated with HCl spectrophotometrically as described in the 


12), again supporting the contention that 
the DNA molecules are weakened in struc- 
ture and partly denatured as a result of ir- 
radiation. 

2. Effect of UV on the molecular weight 
of DNA. In attempting to account for the 
loss in biological activity of irradiated 
transforming DNA, the question of a UV- 
induced backbone breakage was investi- 
gated by measuring the drop in molecular 
weight as a function of dose. The study 
was carried out with native and denatured 
DNA, 5-bromouracil (5 BU) containing 
DNA as well as with sonically treated DNA 
and with synthetic polyribonucleotides. 

(a) Lowering of the sedimentation coef- 
ficient. When native DNA is subjected to 
UV irradiation, very little change is noted 
in the sedimentation coefficient unless the 
irradiated DNA is denatured. This is be- 
cause any backbone breakage of one of the 
strands is masked unless another break 
occurs on the opposite strand, both breaks 
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Fig. 12 Effect of UV light on the reaction of D. pneumoniae DNA with formaldehyde at 
50°C. D. pneumoniae DNA in 0.15 M NaCl plus 0.015 M Na citrate at a concentration of 
20 ug/ml was irradiated for 0, 30 and 60 minutes at a light intensity of 4.4 x 10° ergs/mm?/ 
min. The samples were then exposed to formaldehyde as described in the section on Mate- 


rials and Methods. 
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Fig. 13 Effect of UV light on the molecular 
weight of DNA denatured after irradiation. DNA 
from D. pneumoniae, Serratia marcescens, Shi- 
gella dysenteriae (53.4% G-+C) and B. subtilis 
(42.4% G-+C) in 0.15 M NaCl plus 0.015 M Na 
citrate, each at a concentration of 20 ug/ml, was 
irradiated for varying periods of time. Each sam- 
ple was then denatured by exposure to 100°C. for 
10 minutes followed by fast cooling and the 
sedimentation coefficient and molecular weight 
determined as described in the section on Mate- 
rials and Methods. 


occurring within several nucleotides of 
another. In order to detect UV indu 
single chain breaks, DNA from vari 
bacterial sources was irradiated and f 
denatured by exposure to 100°C. for 
minutes followed by rapid chilling. The 
sults are shown in figure 13. The mo 
ular weights of the irradiated, denatu 
samples were estimated from their s 
mentation coefficients (Eigner, € 
There is no dramatic effect of DNA b 
composition on UV sensitivity; howe 
DNA isolated from D. pneumoniae wh 
possesses the highest content of aden 
plus-thymine (61% ) of the samples 
amined is the most sensitive. The quant 
yield for the drop in the molecular wei; 
however, cannot account for the observ: 
decrease in biological activity (figs. 1, 
5) and other explanations must be sou 
to explain the irradiation results obtai 
in transformation studies. 

(b) Effect of UV on denatured an 
BU DNA. If DNA is first denatured 
then irradiated, there is a very minor ¢ 
in the sedimentation coefficient. Howe 
when the operations were carried out in 
reverse order, a considerable drop in 
sedimentation coefficient occurred. The 
sults are summarized in table 1. E. co 
a thymine-requiring strain (obtained f 
Dr. S. Zamenhof) was used as the so1 
of DNA in these studies. The incorp 
tion of approximately 10% 5 BU into 
DNA of this strain rendered the denatt 
DNA (as well as native DNA in other 
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TABLE 1 
Effect of ultraviolet light on denatured DNA 


| 


DNA irradiated uel 
0 Dose 13.2 x 105 ergs/mm2 
E. coli I (denatured ) 27.9 25.4 
E. colil (5 BU, denatured ) 29.74 12.15 
E. colilI (native) 27.9 15.41 


in denatured samples. 


1Trradiated at a dose of 6.6 X 10° ergs/mm? in the native state, sedimented in de- 
u atured state. Samples (native or denatured) were irradiated in 0.15 M NaCl plus 0.015 M 
a citrate at a concentration of 20 ug/ml. The sedimentation coefficients were determined 


TABLE 2 


Effect of ultraviolet light on the sedimentation coefficient of synthetic polynucleotides 


Compound irradiated el 
0 Dose 13.2 x 105 ergs/mm2 
Poly (A+U) 6.68 6.48 
Poly U 3.85 4.38 
Poly A (single strand) 4.59 4.08 
Poly A (double strand) 3.914 
Poly C 2.14 2.252 


2Dose: 3.3 X 10° ergs/mm?, 


dnents) very susceptible to the UV-in- 
decrease in sedimentation coeff- 
t}. If this effect is of any importance 
skplaining the increased biological sen- 
tity of 5 BU containing DNA to UV 
ra-Kubinska, Lorkiewicz and Szybal- 
£61; Greer, 60), it would add evidence 
tie hypothesis that the modes of inacti- 
mm are quite different if the halogen- 
¥ pyrimidine is present or absent. 

)) Effect of UV on the sedimentation 
ficient of synthetic polynucleotides. 
le 2 shows that there is very little ob- 
Hhble alteration of the sedimentation 
Hicient of irradiated polynucleotides 
i} at relatively high UV doses. It was 
mally hoped that these model com- 
ds could be useful in estimating the 
Atum yield for backbone breakage. 
ever, their small weight (fig. 14) ren- 
ad these polymers relatively insensitive 
he effects of UV with respect to de- 
se in molecular weight. It would be 
bting to speculate that the slight in- 
‘se in the sedimentation coefficient of 
iated poly U is due to dimer formation 
ion B-3b). The polymers, however, 
been useful in detecting other UV 
ced alterations such as photochemical 


1 Irradiated as double strands, sedimented as single strands, 


The synthetic polynucleotides were irradiated at a concentration of 20 ug/ml. 


lesions, weakening and denaturation of 
the double stranded structure, etc. 

(d) Effect of UV on the intrinsic viscos- 
ity. Any backbone damage induced by 
UV would result in an altered configura- 
tion of the DNA molecule and would be 
reflected by a change in the intrinsic vis- 
cosity. Figure 14 shows the results ob- 
tained by irradiating DNA isolated from 
various sources. DNA from D. pneumoniae 
shows a higher sensitivity than the other 
bacterial samples. DNA isolated from bac- 
teriophage T.r*, which had an intrinsic vis- 
cosity of 150 dl/gm and a higher adenine- 
plus thymine content (66% ) than the other 
samples, exhibited the highest sensitivity 
of all. When D. pneumoniae DNA was 
sonically degraded, it exhibited a high 
resistance to changes in intrinsic viscosity 
by UV irradiation. This has also been 
noted with respect to its biological sensi- 
tivity (fig. 4). 

It has been reported that the drop in 
molecular weight of DNA shows a marked 
oxygen effect during UV irradiation (Moro- 
son and Alexander, 61). D. pneumoniae 
DNA was irradiated while nitrogen or oxy- 
gen was being bubbled through the solu- 
tion and both the drop in viscosity and loss 
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Fig. 14 Effect of UV light on the intrinsic viscosity of native and sonicated DNA. DNA 
isolated from the organisms listed in the figure was exposed to various doses of UV in 0.15 M 
NaCl plus 0.015 M Na citrate each at a concentration of 20 ug/ml. The intrinsic viscosity 
(dl/gm) was determined for each irradiated sample and then plotted as a function of the 


dose. 


of biological activity followed as a func- 
tion of dose. Both assays showed identical 
results when the DNA solution was satu- 
rated with either gas. The discrepancy in 
the results remains unexplained. 

3. Effect of UV on the buoyant density 
of DNA in a CsCl gradient. (a) Increase 
in DNA buoyant density by UV. A readily 
observable effect on purified DNA caused 
by UV irradiation is its increased buoyant 
density in a CsCl gradient (fig. 15). The 
increase is observed for the whole popula- 
tion of DNA molecules and does not result 
in their strand separation. If either of 
these events took place, more than one 
band would be observed on the irradiation 
of the N“N* hybrid E. coli B DNA. Figure 
15 shows that only one band, with a buoy- 
ant density 0.010 gm/cm* higher than that 
of native hybrid DNA was obtained after 
exposure to UV irradiation. Higher doses 
resulted in further density increases and 
again strand separation did not ensue. 


However, DNA extracted from irradia 
cells, even at high doses, does not dis} 
an increased buoyant density (E. Seam 
unpublished results). 

When a series of DNA samples differ 
in base composition were examined, it’ 
found that for the same UV dose, 
higher the adenine plus thymine cont 
the greater the density increment. Si 
denatured DNA also increases in buoy 
density on UV irradiation, the incre: 
observed when native DNA samples v 
irradiated can be only partially due 
some denaturation. The remainder of 
density increase is probably related to 
photochemical alterations of the pyr 
dine residues. In the irradiation of wl 
cells, there would appear to be some 
tective action that eliminates the ph 
chemical lesions producing the density 
crease of DNA. 

(b) Cross-linking of the DNA stra 
The discovery that thymine dimers coul 
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DENSITY 


O%.15 Effect of UV light on the buoyant den- 
Mipf hybrid N'1*-N® E. coli B DNA. E. coli B 
di| in 0.15 M NaCl plus 0.015 M Na citrate at a 
‘ientration of 20 ug/ml was exposed to a dose 
433 x 10* ergs/mm?. Both the unirradiated 
@irradiated samples were then centrifuged in 
3 1 gradient (together with a D. pnewmoniae 

standard, density 1.700 gm/cm*) and the 


~jant density of the banded DNA determined. 


iz 
| ed from UV irradiated DNA (Wacker 
¥., 61) and the cross-linking of dried 


eo 


le, 54) prompted a search for a cross- 
ing between the complementary strands 
ihe DNA molecule. When DNA is ex- 
wd to UV doses within the range of inac- 
ition of transforming DNA, a portion of 

imolecules becomes resistant to strand 


‘ld normally cause denaturation (Mar- 
+ and Grossman, ’61). The results on 
h UV-induced, cross-linked, formamide- 
stant DNA molecules are shown in fig- 
$4 16 and 17. The cross-linked material 
sepresented by the tracing of the mate- 
with the lower buoyant density. Figure 
shows that phage DNA and, in general, 
se DNA molecules that possess a high 
inine-plus-thymine content, gives rise 
| high proportion of cross-linked mate- 
i) when subjected to UV. Ps. aeruginosa 
YA, with a high G-C content, yields less 
bs-linked DNA than does T:r* DNA. By 


increasing the dose of UV (fig. 17), larger 
proportions of irradiated DNA become 
non-susceptible to formamide denatura- 
tion. Cross-linking between complemen- 
tary strands cannot alone account for the 
loss in biological activity, and it is of 
course possible and likely that other le- 
sions and/or dimer formation within 
strands takes place (Marmur and Gross- 
man, 61). When whole cells are irradi- 
ated and the DNA extracted, it also ex- 
hibits cross-linking between strands which 
can also be detected. However, at the 
present time it is not known what the cor- 
relation is between the percentage of the 
DNA forming cross-links and the cell via- 
bility. If only a few cross-linked DNA 
molecules result in the death of the cell, 
they would be difficult to detect except at 
relatively high doses. 


Ps, aeruginosa 


ABSORBANCE 


DENSITY 

Fig. 16 Effect of UV light on the formation of 
formamide-resistant cross-links in DNA. DNA 
isolated from Ps. aeruginosa and Tort in 0.15 M 
NaCl plus 0.015 M Na citrate, each at a concen- 
tration of 20 ug/ml was exposed to a dose of 
10.6 x 104 ergs/mm? at 5°C. using a G15T8 West- 
inghouse low-pressure mercury-discharge steri- 
lamp. Each sample was then denatured in form- 
amide, dialyzed and banded in a CsCl gradient. 
The buoyant densities were then calculated; for 
each of the irradiated samples shown in the fig- 
ure, the lower density band represents the cross- 
linked material. 
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Fig. 17 Effect of UV light on the formation of 
formamide-resistant cross-links in E. coli K-12 
DNA as a function of dose. DNA from E. coli 
K-12 in 0.15 M NaCl plus 0.015 M Na citrate at 
a concentration of 20 ug/ml was exposed at 5°C. 
to UV irradiation at a light intensity of 17.6 x 
10° ergs/mm?/min. (same lamp as figure 16). 
Each sample was then denatured in formamide, 
dialyzed and banded in a CsCl gradient together 
with Cl. perfringens DNA which served as a 
standard (density = 1.691 gm/cm?). 


If cross-linking results from the dimeri- 
zation of specific base residues, it would 
most likely be preceded by certain events, 
such as photochemical alterations of the 
pyrimidine residues, localized denatura- 
tion in certain regions of the DNA mole- 
cule, etc. Evidence has already been pre- 
sented in previous sections showing that 
the irradiated DNA molecules are weak- 
ened in structure and partially denatured, 
most likely resulting from the photolysis of 
base residues (Shugar, 60). The dena- 
tured regions might provide the conditions 
necessary for the proper geometric orienta- 
tion of the bases prior to dimerization. 

The cross-linking of the complementary 
strands of the DNA molecule has been 
demonstrated by an independent method 
(Marmur and Grossman, 61). By using 
the E. coli phosphodiesterase which attacks 
only denaturated or single stranded DNA 
(Lehman, 60), it was found that UV-ir- 
radiated DNA that was subsequently dena- 


tured, became progressively more ref 
tory to attack by the enzyme with incre 
ing dose. The results could be re 
accounted for by invoking the UV ind 
formation of cross-links which would ° 
vent the separation of the DNA s 
during the denaturation step and tht 
main nonsusceptible to the action of ; 
enzyme. 


C. Reaction of UV irradiated 
transforming DNA 


Two attempts were made to reactiy, 
a specific genetic marker of UV irradiat 
D. pneumoniae DNA that had suffered b 
logical inactivation. The first attempt w 
to heat and anneal (Marmur and La 
°60; Marmur and Doty, 61) the irrad 
DNA together with DNA carrying the } 
ternate allele and the other attempt was 
use the photoreactivating enzyme presé 
in bakers’ yeast (Rupert, ’60). 

1. Attempt at “marker rescue” of lt 
inactivated, transforming DNA. It Vv 
thought possible that the UV induced 
sions residing in any one of the comp 
mentary strands (other than cross-linkij 
between strands) that result in a loss 
biological activity might conceivably 
“rescued” if the irradiated DNA was der 
tured and annealed in the presence of 
excess of non-irradiated wild-type D 
The results of such an experiment 
shown in table 3. DNA, isolated from 


TABLE 3 


Attempt at “marker rescue” of ultraviolet 
irradiated D. pneumoniae DNA 


Relativi 

streptom' 

Treatment iranetomn 

activity 

1. None 100% 

2. UV irradiation 7.8 

3. Denature and renature no. 1 47.8 

4. Denature and renature no. 2 35 
5. Denature no. 2 and renature 

with wild-type DNA 3 


D. pneumoniae DNA in 0.3 M NaCl plus 0. 
M Na citrate at a concentration of 40 ug/ml v 
irradiated and assayed before and after UV > 
posure (samples 1 and 2). These samples w 
then thermally denatured and annealed (Marn 
and Doty, 61), and assayed as samples 3 and 
Sample 5 was prepared by heating and anneal. 
with three parts wild-type DNA. Wild-type D! 
which had been renatured by itself was added 
sample 4 before assay to act as the proper cont 
for sample 5. 


to UV until 7.8% transforming 
ity remained. When the irradiated 
imon-irradiated streptomycin marked 
were denatured and annealed by 
| (selves under optimal conditions (Mar- 
; and Doty, 61), approximately 50% 
is biological activity remained in each 
. Now, when the irradiated sample 
Howitt and annealed with an ex- 
| 

| 


iof wild type D. pneumoniae DNA in 
jj to assure the formation of hybrid 
cules, there was no increase in the 
gical activity over that obtained when 
rradiated DNA was heated and an- 
ied by itself (at the same concentra- 
The assays were performed on the 
i) of equivalent concentration of 
tied DNA. 

e results lead to two conclusions. 
ai in the process of denaturation and 
lialing of irradiated DNA per se there 
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is no increased restoration of biological 
activity. This indicates that any photo- 
chemical damage that is reversible by 
heat (Shugar, 60), does not play too great 
a role in the final step involved in biolog- 
ical inactivation of transforming DNA. 
Second, if biological inactivation can be 
related to some photochemical lesions on 
one of the strands, then the fact that the 
replacement of the complementary strand 
by one not treated by UV does not have any 
observable effect is consistent with our 
previous observations that only one of the 
two DNA strands is expressible in the 
process of transformation (J. Marmur, D. 
Lane and P. Doty, unpublished results ). 
2. Restoration of biological activity by 
photoreactivating (PR) enzyme. Rupert, 
’°60 has shown that the biological activity 
of UV inactivated transforming DNA from 
H. influenzae can in part be restored by in- 
cubation with an enzyme from bakers’ 


! 
PHOTORESTORATION 
| 


i amp and at the same light intensity as in 


activity, was incubated with an extract 
of 2 cm from a Sylvania 15 watt 


f 


“cool white 


; irradiated to a level of approximately 1% c 
i eas incab from bakers’ yeast (1 mg/ml) at 37°C. at a distance 


” (F15T8-CW) lamp. After varying periods of 
i i i i ir ability to transform with respect 
illumination, aliquots were removed and assayed for their ability ‘ 

\to the streptomycin marker. This curve is plotted to the right of the dashed vertical line. 
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Fig. 18 Effect of UV light and photoreactivating enzyme on the streptomycin-transform- 
‘ling activity of D. pneumoniae DNA. D. pneumoniae DNA was irradiated with the same UV 
figure 17. In a separate experiment, DNA which 


remaining streptomycin transforming 
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yeast in the presence of light. This en- 
zyme, as well as an extract from E. coli 
(Rebeyrotte and Latarjet, 60), also re- 
stores the transforming activity of UV ir- 
radiated DNA from D. pneumoniae. Fig- 
ure 18 shows that when the DNA has been 
irradiated to a level of approximately 1% 
remaining activity, the ability to transform 
sensitive cells to streptomycin resistance 
can be restored to a level approximately 
10% of the initial value when incubated 
with the PR enzyme in the presence of 
visible light. 

Using this enzyme, it was shown that 
the UV induced, denaturation-resistant 
cross-linking of the DNA strands could be 
restored to a denaturation-sensitive state 
(Marmur and Grossman, 61). The method 
employed to follow the changes from the 
denaturation resistant to the sensitive state 
was by the use of the E. coli phosphodi- 
esterase which acts only on denatured 
DNA. 


DISCUSSION 


Ultraviolet irradiation of DNA results 
in a complex series of effects which can be 
recognized and studied at chemical, phys- 
ical chemical and biological levels. The 
initial effects following the absorption of a 
photon (which causes radiation damage) 
is most likely a chemical alteration of the 
pyrimidine residues (Shugar, 60). This 
type of lesion is most likely followed by a 
weakening of the DNA structure resulting 
from an interference in normal hydrogen 
bonding; experimental evidence support- 
ing this has been presented. Other effects 
have been noted. Cross-linking of the DNA 
strands and backbone scission have also 
been detected, the latter as a result of 
relatively high UV doses. Cross-linking be- 
tween the complementary strands resulting 
from the dimerization of specific base pairs 
that are not normally opposite one another 
would most likely require the initial local 
denaturation or distortion of the molecule. 
Cross-linking may also take place by dimer 
formation within denatured DNA strands. 
It is not known at the present time which 
of these types of damage (or of some other 
type) is responsible for the UV effects on 
gene action or the induction of mutations. 
The inactivation of organisms possessing 
single stranded DNA, e.g., ¢X 174, could 
not readily be explained by local denatura- 


mentary strands. 

The formation of dimers of thymine 
a result of UV irradiation (Beukers ak 
Berends, 60; Wang, ’60, 61) would appé 
at present to be the most promising ¢ 
proach for explaining the biological effes 
of UV irradiation. Cross-linking by dim 
formation would most likely impair DI) 
replication and proper base pairing. Ho 
ever, the cross-linking, if it is to be} 
voked to explain the UV irradiation ij 
pairment of gene action, would have} 
prevent in vivo strand separation only 
the regions of the UV induced lesions. Th 
would be necessary to explain the diffi 
ential inactivation of linked gene 
markers residing on the same DNA mo 
cule. The observed differential sensitiviti 
might result from the presence and 
arrangement of specific base residues cc 
ducive to dimer formation and the subs 
quent impairment of expression of th 
region. 

In seeking an explanation for the dosag 
response curve for the UV inactivation 
transforming activity, it has been fou 
that pretreatment of the DNA (sonic 
HNO.) renders the remaining activity mo 
resistant to UV inactivation. The mul 
component nature of the inactivation cu 
for native DNA might result from any 
all of the following factors: (1) a hete 
geneity in size of the molecules carryi 
the marker under investigation; (2) t 
possibility of a diminution in the lifetin 
of the UV induced excitation with i 
creased accumulation of lesions surrouw 
ing the marker (L. S. Lerman, perso: 
communication); and (3) the probabi 
of recombination rescue by the genome 
the recipient cells of the damaged are! 
linked to the marker which becomes pr 
gressively smaller as the damages a 
proach the marker region itself. 


SUMMARY 


When DNA is irradiated in solution wi 
UV light at 254 mu, loss of transformit 
activity and changes in the physical cher 
ical properties of the DNA can be detecte 
The loss of biological activity, studied wi 
DNA isolated from D. pneumoniae and. 
subtilis, depends on the genetic mark 
under investigation as well as on its si 


Hion the molecular weight of the DNA 
a irradiated. 
ajhen exposed to higher dose levels, na- 
“DNA is both partially degraded and 
aikened in structure. Cross-linking of 
mcomplementary strands has been de- 
i d. The UV induced physical chemical 
3) ations have been detected by the lower- 
of the denaturation temperature, a 
in sedimentation coefficient after de- 
qiration, a decrease in viscosity, an in- 
ise in buoyant density in a CsCl gradi- 
tla cross-linking of DNA strands and an 
ease in the pH at which the molecules 
fature. Most of the physical chemical 
Hnges are accentuated by a higher ade- 
i plus thymine content of the DNA and 
Hyhe substitution of 5-bromouracil for 
i ine. Denatured and native DNA be- 
ie differently when exposed to the same 
i} at the same wavelength. As in the 
yb gical experiments, for the same dose 
i} s, the smaller the molecular weight of 
4 DNA, the less the physical chemical 
jaage. Both the biological and the vis- 
ty changes induced by UV show no 
fgen effect. The photoreactivating en- 
e from bakers’ yeast reactivates UV- 
ted transforming DNA in the presence 
irisible light; the reactivation might be 
in part to the disruption of the cross- 
iis induced by UV. 
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OPEN DISCUSSION 


NHAIRMAN ALEXANDER’: I suggest a 
iful way of organizing the discussion 
rht be to leave any questions concern- 
photoreactivation until after the sec- 
| paper, and talk over first the many 
er aspects raised by Dr. Marmur. 

. SETLOw’ : You mentioned that UV 
jsitivity was related to marker size. 
ve you any other criterion for marker 
9 


Marmor: Dr. Hotchkiss and his associ- 
have developed an interesting method 


IS 
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of estimating the marker size of the genetic 
units involved in the transformation of 
Diplococcus pneumoniae to sulfanilamide 
resistance or maltose utilization by expos- 
ing the transforming DNA to elevated tem- 
peratures. They have found that by heating 
the DNA below the melting temperature, 
the rate of inactivation of the transforming 
activity can be related to the size of the 
genetic marker. This conclusion was sup- 
ported by genetic experiments. If you heat 
DNA at a temperature below the Tn, depu- 
rination is likely to occur. The larger the 
size of the marker on the molecule, the 
more easily depurinated it is likely to be. 
This characteristic ties in with the idea 
that it is a larger-sized marker. 

WIERZCHOWSKI’: The evidence pre- 
sented by Dr. Marmur for a cross-link be- 
tween the strands in DNA duplex is very 
likely the evidence in favor of thymine- 
dimer formation between two thymine res- 
idues located in opposite strands of DNA 
molecule. But there is also a good deal 
of evidence from studies on the synthetic 
polynucleotide systems composed of cytidy- 
lic acid and purine nucleotides that upon 
UV-irradiation, cytosine takes up a water 
molecule across 5,6 double bond. 

I would like to make some comments as 
far as it concerns a possible relationship 
between both reactions. 

Our photochemical studies on systems 
like poly U-poly A complex (1:1) and poly 
C-poly I complex (1:1) revealed that UV- 
irradiation of these complexes in water 
solution causes the stepwise dissociation of 
the double-helical structure as a result of 
photohydration of uracil and cytosine 
bases. Moreover, when you irradiate poly 
U alone you observe two types of photo- 
chemical reactions. One of them, heat ir- 
reversible, presumably involves photo- 
dimerization of adjacent uracil bases. This 
follows from our studies on uracil di- and 
tri-nucleotides, which have shown that pho- 
todimirization is connected with the pres- 
ence of neighboring uracil residues along 
the polynucleotide chain, as well as from 
the data on irradiation of poly-U in dry 
state and simple di-keto pyrimidine deriva- 
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tives in frozen state. The other reaction 
which you observe is heat reversible photo- 
hydration of uracil bases. But in the com- 
plex poly U-poly A (1:1), until some 30% 
of uracil residues have been reacted, only 
the reversible reaction takes place which 
means that in this double-helical molecule 
there is no possibility for photodimeriza- 
tion reaction. Inspection of the model of 
DNA shows that the same conclusion holds 
with respect to thymine bases in DNA. 
The mutual position of neighboring thy- 
mine residues in this same as well as in 
opposite strands does not allow them to 
dimerize. One can realize, however, that 
upon UV irradiation of DNA in a water 
solution the first photochemical process is 
photohydration of cytosine bases with re- 
sulting dissociation of hydrogen bonds be- 
tween reacted complementary C and G 
residues. This local denaturation of the 
DNA structure makes possible the proper 
adjustment of thymine bases in surround- 
ing of damaged photochemically region 
and their subsequent photo-dimerization. 

This sequence of photochemical events 
could probably be demonstrated by studies 
on the dependence of inactivation of trans- 
forming DNA or of amount of cross-link 
involved on intensity of UV-beam. The 
comparably high specific reaction rate con- 
stant for the elimination of water from 
the photohydrated cytosine bases leads at 
low intensity of UV-light to a photochem- 
ical equilibrium whose position depends 
on used intensity. For this same total UV- 
dose delivered at lower dose-rate one would 
expect lesser degree of inactivation or 
amount of cross-linked molecules of DNA. 

KAPLAN’ : I was going to ask Dr. Mar- 
mur to elaborate a bit on whether the 
thymines in two opposite strands of DNA 
can really see each other to the extent of 
forming a dimer. I take it your evidence 
indicated some non-dissociation under the 
conditions in which you would expect 
denaturation, but you have no direct evi- 
dence for denaturation as such. I wonder 
if the two thymines can actually see each 
other? 

Marmur: We do not actually have any 
chemical evidence in our experiments that 
the cross-linking of the complementary 
DNA strands is the direct result of the for- 
mation of dimers of thymine. However, 


the work of Wacker and his associates } 
well as of Beukers and Berends is pertiner 
They have irradiated DNA and, after ]j 
drolysis, identified material that behay 
chromatographically and in other respeq 
similarly to dimers of thymine. 

Since we have demonstrated cross-lin) 
ing between strands of UV irradiated DN 
(Marmur and Grossman, °61), it is dif 
cult to imagine how this can be explain} 
by the formation of thymine dimers unle 
the irradiation causes some initial dey 
tured regions. We believe that our resul 
do show that some denaturation or wee 
ening of the irradiated DNA molecule ¢% 
indeed take place. i | 

ELKIND” : I would like to ask you fi 
is there any indication that the amount 
cross-linking is related to the amount 
thymine in the DNA? Secondly, do y« 
have any information about the effects 
the halogenated pyrimidines on the like 
hood of cross-linking? 

MarmMur: We do have some prelimina 
experiments indicating that, in general, tl 
higher the adenine-plus-thymine content 
the DNA, the more likely it is to form cros 
links between the complementary D 
strands on irradiation. Cross-linking h 
also been demonstrated for DNA isolate 
from irradiated microorganisms. 

We have not yet studied cross-linking } 
DNA containing halogenated pyrimidine 
I believe that the inactivation of such D 
is different than that of normal DNA. Ft 
instance, the introduction of halogenat 
derivatives into DNA causes it to be mo 
susceptible to irradiation-induced bac: 
bone breakage. | 

WoLFE” : May I get something clear 
Are you saying that the mutagenic eve 
as measured by marker loss, is cross-lini 
age of DNA so that at the place where th 
mutagenic event has occurred DNA doesn 
open up and renature? Or do you think tk 
mutagenic event might be something else 

Marmur: When DNA is irradiated, ¥ 
detect some cross-linking between _ tk 
strands. However, other types of damas 
can be detected that probably contribu 
to the loss of biological activity. Which « 
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types of damage is responsible for a 
tion is unknown at the present time. 
conceivable that the formation of 
-links between the strands prevents 
complete separation and normal func- 
in replication and also may give rise 
mormal base pairing which is event- 
recognized as a mutation. The lat- 
ffect might also take place if the 
rization occurs within the DNA 
d. 
CHANCE” : I should like to clear up 
int of confusion. In your early sonica- 
experiments you mentioned that you 
}up with shorter molecules with the 
er intact. Is there never breakage 
in the marker so that you get inac- 
tion or loss of the marker? 

iARMUR: Sonic treatment itself of DNA 
es a drop in its transforming activity. 
s, in the UV inactivation curves of the 
ically treated transforming DNA sam- 
we have normalized the results by 
g the per cent transformation of 
of the non UV-irradiated samples to 


> 


OVELLI® : Just on that last point, in 
e shorter molecules, if you sonically 
t the DNA, do you get the same Tm? 
ARMUR: The melting temperature, or 
of sonically treated and non-treated 
is essentially identical. This has 
observed for DNA of bacterial and of 
al origin. 
ENDELSOHN™ : Have you tested the 
sphodiesterase on single-stranded UV- 
diated DNA? 
AARMUR: Irradiating it first in the 
sle-stranded phase? 
[ENDELSOHN: Yes. 
fARmMuR: No. We haven't done that. 
.. B. SETLOW” : We studied the quan- 
1 yield of dimer formation by 2650 A 
iation. It is ~ 0.5. 

should point out, apropos of thymine- 
er reaction, that the action spectra for 
two reactions—one, the production of 
imer from thymine and second, the de- 
iction of the dimer that is formed—are 
te different from one another. For ex- 
ple, when one forms this dimer, the 
orption spectrum shows no maximum 
the neighborhood of 260 mu but only 
ws end absorption at low wave lengths. 
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Most of you are familiar with the shape 
of the absorption spectrum of thymine, 
which on a scale of this type has a maxi- 
mum in the neighborhood of 265 mu. 
When one irradiates thymine—and this is 
the work of Beukers and Berends—one 
finds primarily that the product that is 
formed has no absorption in this region. 
The product is easy to see, in a sense, be- 
cause on a relative scale the product has 
an absorption spectrum of the indicated 
form. 

If one irradiates the product which con- 
tains no resonating rings, one obtains 
thymine. My point is that the action spec- 
trum for the reversal form product to thy- 
mine looks like the absorption spectrum of 
the product as one would expect, and that 
the short wave lengths, 220 and 230 mu 
are most efficient in reversing the reaction 
and presumably the long wave lengths are 
efficient in causing the dimerization of 
thymine. 

Therefore this is an experimental way of 
getting at the two parts of the reaction. 
One wave length makes product, presum- 
ably thymine dimers; and another wave 
length splits the dimer into thymines. This 
is the way of getting at the two steps. Pre- 
sumably one could find out whether one 
really has thymine dimers by doing the 
experiment in this fashion. 

WINKLER” : We did some cross-reactiva- 
tion (CR) experiments with monochromatic 
UV to find out whether the UV-induced 
dimerization of thymine is responsible for 
some biological UV effects. The ratio of 
the extinction-coefficients of thymine mono- 
mer to dimer is about 43:1 at 265 mu 
and 1.3:1 at 235 mu. We thought, if the 
final part of a typical CR-curve is due to 
an equilibrium between dimerization and 
monomerization then we can expect that 
the fraction of markers rescued in a 235 
mu experiment is larger than in a 265 mu. 
We could not solve our problem because 
we got some unexpected UV effects in the 
phage protein at 235 mu: many phages 
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show even at low doses tail-lesions and re- 
lease the DNA. Therefore the fraction of 
markers rescued after 235 mu irradiation 
is much less than in a 265 experiment. 
This work was done together with Dr. 
Harold Johns. 
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The preceding paper in this Symposium 
armur et al., 61) is the natural intro- 
tion to the present topic. As Dr. Mar- 
r has shown, ultraviolet (UV) radiation 
duces photochemical changes in deoxy- 
onucleic acid (DNA) which modify its 
ysical-chemical properties. Like most 
anges that can be made in the compo- 
ts of an intricate mechanism, these 
erations are functionally harmful and 
t in lowered biological activity as 
ged by the diminished ability to pro- 
e genetic transformation of bacteria. 
en if nothing else in a cell were dam- 
sd, we might expect such changes to 
e observable metabolic consequences. 
This expectation is supported by the ac- 
spectra for many UV effects in orga- 
%ms, which resemble the absorption 
ectra of nucleic acids, suggesting that 
tse substances actually absorb the ef- 
tive radiation (see Zelle and Hollaen- 
, 55 and Setlow, 57 for examples). 
though UV induces detrimental changes 
(purified viral ribonucleic acid (RNA) 
jshown by its decreased infectivity (Sie- 
i Ginoza, and Wildman, ’57), particular 
jention is drawn to DNA by its uniquely 
‘tral position in the cellular organiza- 
yn. Moreover, many of the most striking 
sequences of UV irradiation appear to 
folve nuclear or genetic processes rather 
‘n other parts of the cellular metabo- 
mm. Therefore, it seems likely that DNA 
image constitutes at least a noticeable, 


ithe biological system to this injury. 
(Cells have been confronted with UV 
Hliation in the form of natural sunlight 
Joughout the evolution of life on earth, 
the intensity of this radiation today 
enough to present a significant challenge 
licellular DNA. An hour’s exposure of 
msforming DNA to noon sunlight in a 


quartz container (at sea level and latitude 
40° between April and August) results in 
an inactivation equivalent to about 2000-— 
4000 ergs/mm? of 254 mu radiation. This 
dose would reduce the survival of Escher- 
ichia coli B/r by 3 to 4 log units. T2 bac- 
teriophage lose about 1 log unit of infective 
titer for every five minutes exposure under 
the same circumstances indicating a sim- 
ilar order of dose equivalence. This inacti- 
vation is evidently caused by the shortest 
wave lengths penetrating the earth’s atmo- 
sphere (those near 300 mu) (Sanderson 
and Hurlbut, 55), since it is considerably 
reduced by thin pyrex glass, is very sensi- 
tive to the altitude of the sun, is eliminated 
entirely by a filter (Corning No. 7380) that 
cuts off wave lengths below 350 mu, and 
is little affected by a nickel sulfate filter 
that is fairly transparent below 320 mu, 
but eliminates radiation between 340 and 
450 mu. Thus it corresponds to the bac- 
tericidal and mutagenic actions of sun- 
light known for many years (Zelle and 
Hollaender, 55). Faced with this radia- 
tion assault on their genetic material over 
geologic periods of time, cells might be 
expected to evolve mechanisms for coun- 
teracting it. 

Almost any one of the many factors 
modifying the effects of UV light on 
a cell—the post-irradiation temperature, 
composition of the medium, state of illu- 
mination with other wave lengths, previ- 
ous treatments of the cells—might indi- 
cate a recovery mechanism which was 
being stimulated or inhibited by the treat- 
ment, but the situation particularly favors 
search for such a mechanism in photo- 
reactivation. (See Jagger, 58 for a review.) 


1This work was supported in part by U. S. 
Public Health Service Senior Research Fellowship 
SF-312, by Research Grant E-1218 from the Pub- 
lic Health Service and by U. S. Atomic Energy 
Commission Contract AT(30-1) 1371. 
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Here the decrease in effectiveness of a UV 
dose produced by later illumination at 
longer wave lengths is usually large, the 
phenomenon is observed in a great variety 
of organisms and it can easily be turned 
on and off—merely by applying or with- 
holding light—without any great disturb- 
ance of the cellular system as a whole. 


Repair of irradiated DNA in vitro 


Transforming DNA inactivated by short 
wave lengths of sunlight or by 254 mu 
radiation can be restored to activity by 
photoenzymes from photoreactivable cells 
(Rupert, Goodgal, and Herriott, °58; Ru- 
pert, 60a, 60b). When these enzymes are 
mixed with the damaged DNA and ex- 
posed to light, progressive recovery occurs 
up to a high level, the maximum corre- 
sponding to erasure of about 90% of the 
UV dose. Recovery ceases when the light 
is interrupted, and resumes at the same 
rate at which it left off when illumination 
is reapplied. 

The reactivating light, lying midway 
between 300 and 400 mu, is well supplied 
by sunlight, so that the entire process of 
inactivation and recovery can be carried 
out without artificial sources of radiation 
of any kind. Transforming DNA exposed 
to the sun in a quartz flask until its activ- 
ity is reduced by 2-3 log units can be 
brought back to about 10% of the unir- 
radiated activity by simply adding a small 
amount of photoreactivating enzyme and 
continuing the exposure in the same 
quartz flask (Rupert, 60b). Adding the 
enzyme at the start of exposure markedly 
lowers the rate of inactivation, even 
though the optical transparency of the 
solution for 1 > 290 mu is high. 

This enzyme activity has been found in 
the two photoreactivable species (E. coli 
and Saccharomyces cerevisiae) which have 
been examined for it, but it is not found 
by the same techniques in the non-photo- 
reactivable cell of Hemophilus influenzae 
from which the transforming DNA was 
derived (Goodgal et al., 57). It therefore 
offers a possible explanation for the cellu- 
lar recovery observed in photoreactivation, 

It is relatively easy to show that trans- 
forming DNA is damaged inside the cell 
by mercury arc radiation (S. H. Goodgal, 
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unpublished) or by sunlight simply b 
radiating the intact cells before extra 
and assaying activity of their DNA. 
analogous direct test for repair of 
damage inside the cells—by photore: 
vating irradiated cells before the extra 
and showing reversal of the intracell 
occurring damage—cannot yet be 
because the species commonly used 
transformation (H. influenzae, Diploco 
pneumoniae, Bacillus subtilis) all p 
reactivate very poorly if at all (Ja 
58). For this demonstration, the enz 
system must be used indirectly as} 
scribed below. 

The enzymes obtained from E. coli | 
from yeast produce the same degre¢ 
recovery in a sample of irradiated tri 
forming DNA whether used singly or ' 
after the other. Consequently we presi 
they repair the same kind of damage. | 
enzyme from baker’s yeast has been ¢ 
lyzed in most detail. 

The yeast enzyme combines with | 
irradiated DNA in the dark, as cam 
shown in several ways. During ultra¢ 
trifugation the enzyme activity sedime 
rather slowly and can be recovered f: 
the upper portions of a preparative cer 
fuge tube after several hours at 100, 
x g. Under the same circumstances I 
will sediment to the bottom of the ti 
and in a mixture of the two each behz 
in its characteristic fashion providing’ 
DNA is unirradiated. However, if 
DNA has been UV-irradiated, the enz: 
activity follows it to the bottom of 
tube (Rupert, *60b). 

A similar demonstration of the s: 
fact is furnished by gel filtration (Por 
60). Unirradiated DNA and enzyme pa: 
together through a column of Sepha 
G-75 (manufactured by Pharmacia, U 
sala, Sweden) are slightly separated. 
radiated DNA and enzyme, on the ot 
hand, come through together. 

The yeast enzyme is stabilized by c 
bination with its substrate, so that the - 
of inactivation by heat and heavy me 
is markedly reduced in the presence 
irradiated DNA (table 1). Unirradi: 
DNA does not stabilize the enzyme. | 
protection against heat is independen 
irradiated DNA concentration when 


Mixtures of yeast 


dose and the concentrations of DNA 
tection. 
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TABLE 1 


Protection of photoreactivating enzyme from heat inactivation 
by irradiated DNA 

4 2 photoreactivating enzyme with 0.15 M saline or ith i i - 
irradiated non-transforming DNA in saline were made up in aul Se an eee 
of each pair was heated to 63°C. for 1 minute and cooled. Ultraviolet irradiated 
DNA was added, the mixtures illuminated and rates of photoreactivation (in arbitrary units ) 
determined for each (Rupert, 60a). Residual activity of the heated enzyme is expressed 
as a fraction of that in the duplicate, unheated control. The corresponding half life at 63°C 
is computed on the basis of exponential inactivation, as shown in separate tests. The UV 
and enzyme were selected to provide maximum pro- 


transforming 


eee met Recovery Regi! Hattie 

None 0 1.06 0.35 ee 
1 O37 

Unirradiated § ee 0.30 36 

Irradiated : ee 0.77 168 


jsufficiently high, presumably because 
the enzyme is combined with substrate. 
ther abruptly at lower concentrations 
} protection begins to diminish with 
jition of the irradiated DNA, presum- 
ty because part of the enzyme is now 
uncombined. 

e therefore have evidence for the 
hal first step of an enzymatic reaction: 


ki 
E+ S = ES, 
Ke 


ere the substrate S represents UV dam- 
bin DNA. 

his complex of a UV lesion and the 
ptoreactivating enzyme is dissociated by 
ot. If sufficient illumination is applied 
a mixture of enzyme and irradiated 
A before centrifugation enzyme activ- 
jis again left behind in the top of the 
ie as it is with unirradiated DNA. Sim- 
ly the amount of heat protection de- 
ases with exposure to light before heat- 
Under conditions where the amount 
heat protection depends on DNA con- 
tration the decay is approximately ex- 
ential with illumination time. Since 
jair occurs only during this illumination, 
ihave 


kg 
ES — E+ P, 


sre the product P is the repaired struc- 
», and the rate constant ks is zero in 
dark. 


These two steps add up to a conven- 
tional Michaelis-Menten reaction scheme, 
and a kinetic analysis agrees, showing that 
the dependence of recovery rate on irra- 
diated DNA concentration is that predicted 
by Michaelis-Menten kinetics. The rate 
constant k; increases with increasing light 
intensity. 

As might be expected, competitive inhi- 
bition of the reaction can be observed 
when irradiated non-transforming DNA is 
added to the reaction mixture (Rupert, 
08). This inhibitory power can be elimi- 
nated by allowing the enzyme to act on 
the competing DNA in the light—so that 
the competing UV lesions are repaired— 
before mixing with irradiated transform- 
ing DNA to test for the inhibition. 

These characteristics provide the means 
for detecting photoreactivable UV lesions 
in any sample of DNA without regard to 
its biological activity, the inhibition and 
heat protection phenomena furnishing a 
particularly happy combination for this 
purpose. If an unknown sample is added 
to a reaction mixture of photoreactivating 
enzyme and UV-irradiated transforming 
DNA, the presence of UV lesions will be 
indicated by competitive inhibition; i.e., 
the recovery rate in the mixture will be 
lower than in an appropriate control. If 
the same material, diluted until its com- 
petitive inhibition is negligible, is mixed 
with photoreactivating enzyme in the dark 
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and heated briefly, the presence of UV 
lesions will be indicated by partial protec- 
tion of the enzyme from inactivation; i.e., 
when the enzyme is tested for activity the 
recovery rate of irradiated transforming 
DNA will be higher than in a control. Both 
effects can be eliminated by preillumi- 
nating the material under test in the pres- 
ence of the enzyme, but not by incubating 
with it in the dark. Such a specific com- 
bination of characteristics minimizes the 
danger of misleading artifacts when study- 
ing relatively impure materials from cells. 

The heat-protection effect was found 
later than the competitive inhibition, con- 
sequently in a number of studies involving 
purified DNA we employed only the inhibi- 
tion—checking in each case that it could 
be eliminated by preillumination with the 
enzyme but not by preincubation in the 
dark. According to this test photoreactiv- 
able UV damage occurs in all normal 
DNA’s examined: those from H. influ- 
enzae, E. coli, T2 and oX-174 bacterio- 
phage (supplied by Dr. R. L. Sinsheimer) 
and calf thymus tissue as well as Korn- 
berg’s enzymatically synthesized material 
(Bessman et al., 58) using natural DNA 
as primer. This repairable damage thus 
occurs in both single- and double-stranded 
DNA from both photoreactivable and non- 
photoreactivable species. The amounts of 
damage developed in all are comparable 
for the same UV dose. 

Abnormal DNA’s may be different. E. 
coli DNA with about 35% of its thymine 
substituted by 5-bromouracil, which was 
studied in collaboration with Dr. Sheldon 
Greer of Columbia University furnishes a 
particularly interesting example. After ir- 
radiation this material gives the same 
amount of competitive inhibition as con- 
trol DNA from the same strain of cells 
grown with thymine, while neither the 
control nor the 5-bromouracil DNA’s in- 
hibit when unirradiated, nor after expo- 
sure to the reactivating light in the 
absence of enzyme. As expected, the le- 
sions in the irradiated normal control can 
be repaired by pretreatment with the en- 
zyme in the light, eliminating the observed 
inhibition. However, those in the 5-bromo- 
uracil DNA cannot, the inhibitory power 
actually increasing appreciably during pre- 


treatment. This material is thus 
photoreactivable like the cells from w 
it was taken (Greer, 60). A similar 
has been observed when 5-bromourac 
incorporated into bacteriophage (S 
et al., 61). Such parallel behavior of 
in vivo and in vitro photoreactivation | 
tems upon addition of 5-bromouraci 
the DNA supports the idea that cell 
photorecovery involves DNA repair. 


Repair of irradiated DNA in vivo 


More direct evidence is provided by 
amining the DNA from normal irradi 
cells, both before and after their phot 
activation. We are not limited in this 
to transformable species, but can em 
any convenient organism. It is not e 
necessary to purify the DNA before t 
ing—since irradiated RNA does not in 
fere in this system—but the crude | 
lysate must be deproteinized and the: 
and ionic strength adjusted by dial! 
before testing. 

Figure 1 shows the usual photoreacti 
tion of a culture of E. coli B/r produ 
by illuminating the cells after irradiat 
to 1% survival (2150 ergs/mm* 254. 
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_ Fig. 1 Photoreactivation of irradiated Esi 
richia coli B/r (2150 ergs/mm?2 254 my rai 
tion) with unirradiated and dark-incubated 
trols. Cells were grown to stationary phas¢ 
M-9 glucose-ammonium-phosphate medium, ; 
suspended in saline and incubated with aera 
before irradiation. 


ation). An aliquot of the unirradiated 
ture similarly illuminated and of the 
diated cells incubated in the dark serve 
ontrols. At the conclusion of this treat- 
mt identical volumes of the three ali- 
pts were lysed with desoxycholate and 
onium hydroxide, the mixtures neu- 
ized and shaken with chloroform-oc- 
hol in the presence of 2M NaCl and 
> aqueous phases dialyzed against buf- 
fed saline. Optical densities at 260 mu 
owed the same concentration of cellular 
aterial in each preparation. These prepa- 
ions were then tested for the competi- 
le inhibitory and heat-protective proper- 
is with the results shown in figures 2 


iLysates of unirradiated cells have no 
ject by either test. The recovery curves 
mresponding to these preparations are 
éntical with those obtained when no cell 
pate is added, showing that no UV lesions 
— present in the unirradiated cellular 
NA. Lysates of the irradiated cells incu- 
ed in the dark show both competitive 
Mibition and heat protection. Both ef- 
pts can be markedly reduced or elimi- 
ited by pretreating the lysates with the 
zyme in the light before testing, show- 
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"ig. 2 Presence and disappearance of photo- 
ictivable UV lesions in DNA of cells shown in 
are 1, indicated by competitive inhibition of 
Insforming DNA repair. Curve marked “un- 
adiated” represents uninhibited recovery in the 
sence of deproteinized lysate of unirradiated 
ls. “Irradiated” represents inhibited recovery 
he presence of lysate of irradiated, non-photo- 
ctivated cells. “Photoreactivated” represents a 
inhibited recovery in the presence of lysate 
photoreactivated cells. 


ULTRAVIOLET DAMAGE IN CELLULAR DNA 61 


ue e 
® 
IRRAD. 
Se e e 
E 
~N 
cep) 
iS 
me 
at 
z ae 
[e) 
We 
wn 
jae 
= e PR'D , 
ia A Rem SR 
Se 
es ee 
(e) T wy ES a T i 
10 20 30 40 50 


ILLUMINATION TIME (min) 


Fig. 3 Presence and disappearance of photo- 
reactivable UV lesions in DNA of cells shown in 
figure 1, indicated by heat protection of photo- 
reactivating enzyme. Each curve shows recovery 
of irradiated transforming DNA produced by a 
heated sample of enzyme. Curve marked “un- 
irradiated” represents enzyme heated with un- 
diluted (@) or diluted (©) lysate of unirradiated 
cells, giving no protection. “Irradiated” repre- 
sents enzyme protected from heat inactivation 
by diluted lysate of irradiated, non-photoreac- 
tivated cells. “Photoreactivated” represents en- 
zyme only slightly protected from heat inactiva- 
tion by diluted lysate of photoreactivated cells. 


ing that photoreactivable UV damage is 
present in the irradiated cellular DNA. 
Lysates of photoreactivated cells show 
these effects only at a much lower level, 
implying a smaller concentration of photo- 
reactivable lesions in the cell population. 
Such behavior may be taken as evidence 
that most of this damage has been re- 
moved by intracellular photoreactivation. 


DNA repair in lightly 
irradiated cells 


The story would be clearer if we knew 
the location of the remaining damage after 
maximal photoreactivation. Since even 
after photorecovery only 1 cell out of 10 
could form a colony in these experiments, 
the observed appearance and removal of 
UV lesions involves essentially non-colony- 
forming cells. It makes a difference in the 
meaning of the above results whether the 
residual damage is thinly sprinkled in the 
cells which do not survive as colony-form- 
ing units (as seems likely), or whether it 
is by any chance concentrated in the small 
minority which do. 
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Fig. 4 Presence and disappearance of UV 
lesions in DNA of lightly irradiated E. coli B/r 
(350 ergs/mm? 254 my radiation). Each curve 
shows recovery of irradiated transforming DNA 
produced by heated enzyme. “Unirradiated” rep- 
resents enzyme unprotected from inactivation 
during heating with lysate of unirradiated cells 
which had been incubated either light (O) or 
dark (@). “Irradiated” represents enzyme pro- 
tected from heat inactivation by lysate of irradi- 
ated cells incubated in the dark. “Photoreacti- 
vated” represents enzyme unprotected from heat 
inactivation by lysate of irradiated cells incubated 
light. 


To clarify this point the test was re- 
peated at a much lower UV dose—350 
ergs/mm’, giving a survival of better than 
75% even with no photoreactivation. No 
attempt was made to follow photorecovery 
by viable count at this high survival, but 
light was simply applied for 20 minutes— 
about four-tenths the time required for 
maximum recovery with the 6-fold larger 
UV dose employed before. The results of 
applying the heat protection test for UV 
lesions to the cell lysates, shown in figure 
4, indicate a very high fraction of the UV 
lesions were removed by intracellular pho- 
toreactivation, although in undiluted lys- 
ates they could still be detected. This 
seems to say that essentially all the photo- 
reactivable lesions in DNA of viable cells 
can be removed intracellularly. 

The sensitivity of the heat protection 
test would permit detection of UV damage 
at still lower doses. It should be possible 
therefore to study “photoreactivation” in 
cell populations with close to 100% sur- 
vival at all stages of the experiment. This 
low dose level should represent a more 
“normal” operation of the recovery mecha- 
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nism than the customary higher do 
which damage most of the cells beyc 
repair. 

The small rise in viable count of 
irradiated cells incubated in the da 
which appears in figure 1, may repres¢ 
the previously known recovery of irra 
ated cells held in liquid media before p) 
ing (Zelle and Hollaender, ’55), altho 
it did not appear in all repetitions of | 
experiment. Lysates of irradiated B/r ce 
held at ice temperatures in saline for ¢ 
150 minutes showed higher concentratic¢ 
of UV lesions than lysates of the saj 
cells incubated in the dark, suggesti 
that some sort of repair occurs even in 1 
absence of photoreactivation. Howe 
since these experiments were carried ¢ 
at the 1% survival levels, most of t 
DNA coming from non-reactivable cells 
is not yet certain that this decrease in t 
concentration of lesions is related to i 
proved survival. | 


q 


CONCLUSIONS | 


The story as it now stands can be su: 
marized as follows: Enzymes exist in pl 
toreactivable cells which will repair 1 
radiation damage to transforming Df 
in vitro. By study of the in vitro enzymai 
reaction it can be inferred that similar 
pair is effected in other natural DN, 
lacking recognized biological activity. T 
broad outlines of the enzymatic mecl 
nism seem well established, but one k 
yet to fill in any chemical details. 

Something happens to the UV dama 
of cellular DNA during photoreactivati 
of cells so that it can no longer be detect 
in cell lysates. The disappearance is cc 
sistent with its repair, although in the | 
sence of a recognized biological activity - 
the extracted DNA, it cannot be cert: 
that this material has returned to its or 
nal state. 

The DNA damage repairable by | 
photoreactivating enzyme in vitro is { 
duced by short wave lengths of natu 
sunlight, and can be repaired by this 
zyme at the same time it is being { 
duced, utilizing the longer wave leng 
of sunlight to drive the reaction. 

The above facts seem fairly clear. Fr 
circumstantial evidence the following 


onal points might be surmised, subject 
rther argument and investigation: 

. Photoreactivable UV lesions in DNA 
se a significant fraction of the total 
cts of UV on cells. Their repair is 
ential if these effects are tobe pre- 
ted. These lesions therefore correspond 
at least in part —to the radiation-in- 
ed “poison” sometimes invoked to ac- 
nt for UV phenomena in organisms 
Z., Novick and Szilard, ’49). 

. Photoreactivation is one of the mech- 
sms evolved by cells to repair the dam- 
¢ produced by sunlight in their DNA. 
ause it is so widespread among living 
mgs and because it could in principle 
ur with such a low level of cellular 
anization — requiring only a suitable 
jalyst to favor the photoreversal of a 
ptochemical change — it could be con- 
ered a primitive mechanism, evolving 
ily early in the history of life on earth. 
3. Other more sophisticated mecha- 
mms probably exist to perform the same 
action and may be responsible for some 
ithe factors modifying the effects of 
| radiation on cells (see, for example, 
Hy, 59). 

ith the ability to detect a primary UV 
nage in cells we move into a new era 
adiation biology. An initial biochemi- 
lesion can now be observed apart from 
imetabolic consequences, and the rela- 
ship between the two studied in the 
ural sequence of cause and effect. We 
refore gain increased resolution of the 
taplex events associated with UV injury 
move a step nearer the description of 
iation processes in chemical terms. 


OPEN DISCUSSION 


R. B. SETLOW? : Could you tell us some- 
g about the competing ability of UV- 
ndiated DNA that has been heated above 
melting point? 

RUPERT: Yes. It does just about the 
me as undenatured DNA. So does 
-174 DNA. 

R. B. SETLOW: Have you UV-irradiated 
A at room temperature and taken it 
ve the melting point and down? 
UPERT: It doesn’t make any difference 
ether you denature it after you irradiate 
before—you get the same answer. The 
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same thing applies to acid denaturization 
or alkali denaturization. The UV lesions 
will survive pH 2.5 overnight or pH 12.5 
overnight at room temperature, or 100°C. 
for 40 minutes. They are fairly stable 
chemical entities. 

HEINMETS® : Have you tried to identify 
the primary site of photon absorption? 
This need not be the same when differ- 
ent spectral regions are used for radiations. 

RupERT: The final damage produced by 
300 mu and by 254 mu radiation seems 
to be the same as far as the enzyme is con- 
cerned. It apparently recognizes the dam- 
age as its substrate in both cases and goes 
to work on it the same way. 

HEINMETS: What kind of photochemi- 
cal reaction is produced? 

RuPERT: We don’t know any photo- 
chemistry. 

HEINMETS: In complex biological struc- 
tures we may have a photochemical re- 
action which produces molecular altera- 
tions in the system; this may lead into 
secondary interactions, etc. It is strange 
and disturbing when molecular processes 
are referred to as “lesions.” 

RuperT: I must have some grammati- 
cally convenient word for the UV damage 
in DNA in order to talk about it. When 
we know its real chemical nature, we will 
call it that. In the meantime the term “UV 
lesion” (that is, “UV injury” ) fills the need. 
By “lesion” I just mean the localized photo- 
chemical alteration of DNA which affects 
its biological function and which this en- 
zyme recognizes as its substrate and will 
repair. 

KAPLAN‘: One might infer that the 
bromouracil-DNA might possibly combine 
with your enzyme, but not be subjected to 
photolysis by light. Have you tried your 
sedimentation experiments over again with 
bromouracil? 

RurertT: No, and we haven't tried the 
heat-protection test. These things certainly 
should be done. 

HutrcuInson® : Have you any informa- 
tion on reactions between your enzyme and 
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the irradiated nucleotides or unirradiated 
compounds of any kind? 

Rupert: No single nucleotide seems to 
work, irradiated or not. Up to several per 
cent of the phosphate ester bonds can be 
digested by pancreatic DNase without 
noticeable effect on the competitive inhibi- 
tion. But DNA digested to the limit won't 
inhibit after irradiation. This of course 
immediately complicates the problem of 
isolating a chemically pure substrate. One 
can’t just irradiate DNA, chew it up thor- 
oughly with DNase, fractionate the small 
molecules and determine which fraction 
works. It isn’t that simple. What probably 
could be done but hasn’t, is to digest as far 
as possible while still preserving some in- 
hibition, and then try to characterize the 
simplest active fraction by determining 
what bases are present, and so on. 

As far as the large molecules are con- 
cerned, neither polyribonucleotides nor 
RNA do anything at all. The poly deoxy-AT 
does nothing we can see. The poly deoxy- 
GC gives a very weak effect, corresponding 
to about a 6th or a 7th as much UV dam- 
age for the same UV dose as the same 
amount or normal DNA (measured by 
competitive inhibition). The photoreactiv- 
able UV damage is apparently there after 
irradiation. It inhibits and can be wiped 
out by letting the enzyme act on it, but it 
is present in abnormally small amounts. 
What this means, I don’t know. 

KELLY’ : Have you observed any com- 
petitive inhibition with DNA that has been 
irradiated with ionizing radiation? 

RupeErRT: Dr. Gray and his coworkers 
are going to help us try to do that experi- 
ment. 

Kriec’ : You mentioned that the 5-bro- 
mouracil-containing DNA, when irradi- 
ated, received lesions which compete for 
the enzyme, but that these lesions cannot 
be eliminated by the enzyme. Does the 
Same situation exist with irradiated de- 
natured DNA? Have you looked to see 
whether the lesions there can be removed 
by the enzyme? 

Rupert: Yes. And they can be. 

JAGGER’: Is there any evidence that 
your enzyme combines with RNA? 

RupERT: Irradiated RNA gives no more 
competitive inhibition than unirradiated. 
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For a given UV dose the number of ph 
reactivable UV lesions per unit of mate 
must be below 1% of what it is in 
DNA, and actually there is no evidence! 
any at all. It looks like this enzyme sim 
works on DNA and not on RNA, altho 
I don’t know why in view of the fact 
bases are essentially the same and 
photochemistry is probably associated v 
them. 

JaccEer: The thymines are different 
course. 

Rupert: Yes. That is true. But 
poly deoxy-GC polymer seems to deve 
the lesion upon irradiation (althor 
weakly) even without any thymine be 
present. I am afraid we still have no 
consistent story regarding the precur# 
of the lesions. We can quote at least | 
experiment that will make difficulties; 
any theory we have thought of. M 
some experiments are misleading. . 

ERRERA’® : When you had short illu 
nation times, there was a small induct 
period. Do you know what that meat 

RupeERT: I think this just means t 
some kind of multiple damage exists; 
that it takes time before fully repai 
units appear. For one thing, the prese; 
of the lag depends on the UV dose gii 
the DNA. For the streptomycin mari 
reduced to 1% activity, the lag is alw 
seen. If you slow down recovery by rea 
ing the concentration of enzymes, the! 
duction period is stretched out in the sa 
proportion as the rest of the curve. H 
ever, at a lower UV dose, correspondins 
10% activity, no induction period can 
seen regardless of enzyme concentrati 
The activity goes up with constant sl 
from the beginning. This is also fo 
with other markers. 

Another point. It doesn’t seem to t 
time for the enzyme to get going after 
applying the light. If you stop the recon 
by interrupting the light and then rest 
illumination, recovery resumes at the s: 
rate it left off. On the other hand, if 
photoreactivate to maximum and then 
more irradiated DNA, the recovery of 
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d material again shows a lag at the 
ing. The lag seems associated with 
first stages of recovery of the DNA. 
his is consistent with repair of mul- 
Be naee as the cause of the induction 
Od. 2 
ARMUR™: Are there any differences 
e photoreactivation of various genetic 
Kers present in the same irradiated 
rophilus influenzae transforming DNA 
aration. In some preliminary experi- 
ts we have found that in the photo- 
tivation of some UV-inactivated Bacil- 
subtilis markers, the recoveries of the 
sforming activity were significantly 
brent. 

PERT: This should be given more 
y before I answer too definitely. We 
= worked mostly with the streptomycin 
ker, but we have spot-checked a num- 
of others. For markers having about 
same sensitivity, recovery is similar for 
ame UV dose. Markers which are in- 
sitive, and require a heavy dose to bring 
down to a certain activity level, seem 
ow less recovery than more sensitive 
6 inactivated the same amount. But 
don’t have sufficient data to make a 
atic statement. 

ucoFF"’:; In view of the possible 
utionary significance of this enzyme, 
pbnder whether a low dose of UV radia- 
would increase the enzymatic level in 
5? 

UPERT: This is a good idea and ought 
e tried. 

{EINMETS: The system seems to be 
e complex than you can anticipate. 
did some photoreactivation experi- 
ats at low temperatures, which indi- 
d that photoreactivating light at the 
m temperatures, had only little effect on 
bility of E. coli. However, in a frozen 
e, we found extensive inactivation. 
ILKIND” : You mentioned that the X-ray 
eriments have not yet been done. 
Id you speculate on the relationships 
ween the modes of action of X rays and 
iin view of the fairly general observa- 
| that it is not possible to photoreacti- 
» X-ray killing? 

luPERT: I should say this means that 
irradiation produces enough damage 
h is different from the photoreactiv- 


able UV damage so that you cannot bring 
the system back to a viable state afterward. 
Mixed in with this irreversible damage 
there may also be some damage, due to 
excitations, which is the same as photo- 
reactivable UV damage. This is the ra- 
tionale behind attempting the experiments 
with Dr. Gray. 

MaArMuvR: I would assume that since 
the X-ray damage is more likely to cause 
backbone breakage of the DNA molecule, 
it is more unlikely to be reactivated by the 
photoreactivating enzyme than is UV dam- 
age which does not cause such damage at 
doses causing biological inactivation. 

Gray”: If you deliberately break by 
sonication or some such method, does this 
interfere with that? 

RupERT: No. The UV lesions that I am 
studying involve rather small segments of 
the molecule. As I said, if up to several 
per cent of the phosphate ester bonds are 
digested—which means breaking our mole- 
cule down into pieces averaging a few tens 
of nucleotides long—you haven’t done any- 
thing to the competitive inhibitory power 
after irradiation. 

KELLy: I asked my original question 
concerning X-irradiated DNA very specifi- 
cally with regard to competitive inhibition 
and not restoration, because I wondered 
whether you might have a case similar to 
the bromouracil DNA where you do have 
the bonding and not the restoration. 

RUPERT: We will write you when we 
know. 

Harm" : Is there any quantitative dif- 
ference in the photoreactivable fraction of 
lethal damages, if you compare sunlight 
with UV of 254 mu wave length? 

Rupert: I am not sure. In a number 
of cases it has seemed that we got higher 
recovery from sunlight-inactivated than 
from 254 mu-inactivated material. But 
one ought to study this specifically with 
artificial sources putting out 300 mu radi- 
ation. You can’t do a sunlight experiment 
anytime you wish, or even repeat one pre- 
cisely. 
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Kaptan: As has already been men- 
tioned here, Dr. Sheldon Greer, working in 
Zamenhof’s laboratory, was the first to 
note a striking enhancement of the UV 
radiosensitivity of E. coli accompanying 
incorporation of the thymine analog, 5- 
bromouracil. Subsequently, Dr. Szybalski, 
who was then at Rutgers, and is now at 
Wisconsin, and our group also began to 
investigate this effect. Szybalski has also 
worked with UV, but has studied mam- 
malian cells in vitro. We have worked with 
E. coli as Greer did, using both UV and 
X rays. 

We started by confirming Greer’s work, 
using a thymine-deficient mutant strain of 
E. coli. We also showed the effect is not 
limited to thymineless strains. Strains B/r 
and B will incorporate bromouracil and be- 
come radiosensitive when grown in the 
presence of sulfanilamide, which blocks 
de novo purine and pyrimidine synthesis. 
Without sulfanilamide there was no radio- 
sensitization, indicating that this effect is 
not a consequence of the presence of the 
analog in the incubation medium. The 
thymineless strain exhibits a multihit type 
of X-ray survival curve. The incorpora- 
tion of bromouracil into DNA of log phase 
cultures increases the slope of the expo- 
nential part of the survival curve by a fac- 
tor of 1.8 to 2 in various experiments. The 
extrapolation number also decreases and 
in some instances we actually obtain an 
extrapolation value of 1, so that the multi- 
hit curve was converted to a single hit 
curve. 

Szybalski has suggested that the effect 
has a good deal to do with the halogen 
atom in the pyrimidine analog. But we 
became intrigued with the possibility that 
the incorporation of any analog into DNA 
could alter its molecular structure in such 
a manner as to produce a detectable in- 
crease in radiosensitivity. On searching 
the literature we found certain candidate 
compounds among the purine analogs. The 
most useful of these thus far is the analog 
thioguanine. This has been shown by 
LePage to enter both RNA and DNA of 
ascites tumor cells. 

We have confirmed this incorporation 
into DNA using S*-labeled thioguanine. 
Under these conditions it was possible with 
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a purineless mutant of E. coli K-12 tos 
a very striking increase in radiosensiti} 
to X rays, with a slope ratio of abort 
with respect to controls. 


The effect of thioguanine on UV sé 


tivity is very strikingly similar to thal 
bromouracil. Thus, the radiosensitij 
effect can be seen with both purine 
pyrimidine analogs, providing that | 
are in fact incorporated into DNA. 

Moreover, on a molar incorpora 
basis, thioguanine is probably a good 
more potent as a radiosensitizer 
bromouracil. 

We found that the incorporatiom 
bromouracil is essentially linear with t 
in strain B/r. At about 2 hours, 
approximately 10% of thymine has 4 
replaced by bromouracil, there is no 
tectable radiosensitization. The first de 
table effect occurs at about 20% subst 
tion of thymine and the effect increase 
a maximum at the end of log phase gro 
(about 8 hours), at which point the 
placement of thymine by bromouraci 
about 40%. ) 

In contrast, maximal radiosensitizat 
with thioguanine occurs when there is 
tween 0.6 and 1.0% substitution of t 
guanine calculated on the basis of guan 
substitution. We presume that the ¢ 
stitution is for guanine, but at this 
tremely low level it is not really poss 
to be sure. | 

Since one of these is a purine and | 
other is a pyrimidine, one would e 
that they might enter DNA more or ! 
independently, and that if they both w 
incorporated into the DNA of the sa 
organism one would get a further incre 
in radiosensitivity. This is in fact w 
happens, except that they do not go in 
dependently. 

Thioguanine tends to suppress the 
corporation of bromouracil and thus 
enhanced effect of both agents togethe 
not the additive sum of the two indepe 
ent effects. 

Szybalski has said that labeling of b 
strands of DNA is necessary to obt 
radiosensitization with bromouracil. 
have labeled both strands of DNA y 
bromouracil first, then diluted ten- 
and reincubated in thymine in orde1 
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ybrid DNA, one strand of which con- 
1 bromouracil and the other thymine. 
legree of labeling can be checked with 
esium chloride gradient technique. 
see that with X rays essentially inter- 
ate levels of radiosensitization are ob- 
d when hybrid DNA is present in the 
So some of the radiosensitization is 
but an appreciable portion of it still 
ins. 

have been able to demonstrate a 
degree of incorporation of another 
g, 2,6-diaminopurine, in unchanged 
into E. coli DNA. This seemed worth 
on the basis of Freese’s work indi- 
that this analog is mutagenic. It 
orporated at a level of around 1% 
t produces a perceptible increase in 
sensitivity to X rays (about a 20% 
ase in slope). 

wever, 2-aminopurine produces no 
, either in terms of incorporation or 
rms of radiosensitization; and the 
idine analog 5-fluorouracil, which is 
orated into RNA but not into DNA, 
s in fact a blocking agent for DNA 
esis, has no effect on radiosensitivity 
our conditions. 

us it would appear with this limited 
of analogs that every one that actu- 
oes into DNA produces a detectable 
ase in radiosensitivity. The same ma- 
s under conditions of nonincorpora- 
have no effect, and other analogs 
are not incorporated do not seem 
active. 

is of some importance that Dr. Ken- 
Smith in our laboratory has studied 
adiation-induced degradation of the 
ral absorptions of these analogs in 
ion, using both UV and X rays. It 
s that thioguanine is remarkably 
sensitive to UV than any of the 
al bases, and, that on exposure to 
ys, it is comparable to bromouracil 
thymine, both of which are rather 
y sensitive. 

KIND: It seemed to me that in your 
, the effect of the analogs in general 
V survival was more in terms of de- 
ing the shoulder—that is, reducing 
itness number or the extrapolation 
er while in the case of X irradiation, 
was an effect on what could be called 
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sensitivity; namely, changes in slope that 
effects were significant. 

This certainly indicates that the analogs 
are having an effect on X-ray sensitivity, 
but I wonder whether this is really true to 
the same extent. 

On the other hand, in mammalian cells 
which have bromodeoxyuridine incorpo- 
rated in their DNA, the effect on UV re- 
sponse is great in terms of sensitivity and 
not so great by comparison for X rays. 

KAPLAN: I think you are right, that the 
principle of UV effect in the coli is a shift 
in the width of the shoulder. There is evi- 
dence in some of our experiments where 
the bromouracil labeling is quite high, that 
there is an increase of the slope as well. 
But the X-ray effect differs from the UV 
response in this regard. 

I believe there has been very little work 
published on the effects of X rays on the 
mammalian cell. But as for the UV as- 
pects, I think the principal effects occurred 
when the cells were carried to really ex- 
tremely high levels of bromouracil incorpo- 
ration, up in the range of 70 or 80% sub- 
stitution of thymine. 

Under those circumstances one is work- 
ing with very sick cells also. 

Wo.rFr® : Are the thymine analogs mu- 
tagenic, too? 

KapLAN: I don’t know. 

ENGEL” : We have been doing some 
similar work with E. coli and getting re- 
sults which look very much like what you 
are getting. 
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ctivated Bacteriophage 
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veral experimental approaches have 
m that the deoxyribonucleic acid 
A) of a bacteriophage is virtually all 
ensitive material for inactivation by 
violet light (UV), X rays, or decay of 
porated P* atoms. Whereas the sen- 
ties of different phages to X rays and 
lecay are usually proportional to their 
4 contents, this rule does not hold true 
e case of UV (Stent, 58). The rea- 
ight be that in many cases there are 
rimposed obligatory reactivation proc- 
5 upon the intrinsic UV sensitivity of 
DNA. For example, the two-component 
of UV-survival curves of phages T1, 
or T7, as well as the unusually low UV 
itivities of many temperate phages are 
hidered to be due to some reactivating 
action between phage and bacterial 
pme (Garen and Zinder, 55; Tessman 
Ozaki, 57). Results reported here give 
lence for another kind of reactivation, 
ling to the difference in UV sensitivity 
ween the closely related phages T2 and 
| For any given survival level, T4 needs 
lit twice the UV dose as does TQ, al- 
igh these two phages contain approxi- 
ely equal amounts of DNA and do not 
sr noticeably in their sensitivities to 
ays or P® decay. 


Modification of UV-sensitivity by 
a reactivation process 


y crossing T2 with T4, Luria (49) 
d the UV sensitivity to be a recombin- 
> heritable character, and Streisinger 
3), in a more detailed analysis, was 
> to show that it is controlled by a sin- 
gene, which he called u, closely linked 
he r 17 locus of T2. This gene controls 
the extent of photoreactivation (PhR) 
such a manner that without any excep- 
1 the greater UV sensitivity (correspond- 
to the u*+ allele) is accompanied by a 
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higher PhR, and the smaller UV sensitivity 
(corresponding to the wu allele) is accom- 
panied by a lower PhR'. 

The mechanism by which a single gene 
difference is able to control these great dif- 
ferences in lethality and reactivability is 
of interest not only with respect to prob- 
lems of gene physiology, but also as a 
model case for UV photobiology. To ex- 
plain the phenomenon, obviously two prin- 
cipal possibilities exist: 

(A) The primary photochemical altera- 
tions in the DNA differ greatly (either 
qualitatively or quantitatively), depending 
on whether the w or u* allele is present 
within the genome of the irradiated phage. 

(B) The primary alterations are identi- 
cal in the two phage types; however, the 
u gene controls intracellular processes de- 
ciding whether or not a given primary 
alteration will result in lethality. Such 
hypothetical processes might either revert 
the primary lesions or change their physi- 
cal-chemical character to become non- 
lethal for the individual, or they might 
alter the physiological conditions within 
the host cell so that the otherwise lethal 
primary damages become nonlethal. 

To discriminate between these two prin- 
cipal possibilities, it was necessary to study 
the UV survival of wt phage when infect- 
ing cells that contained additionally an 
intact w gene. In the following experi- 
ments this condition was approximated by 
cells infected with heavily UV-irradiated 


1The designation w+ for the allele present in 
T2, and u for the one present in T4, which was 
introduced by Streisinger (756), might be some- 
what misleading in the context of the following 
results. Usually, the genotypic state which al- 
lows the gene to perform its function is designed 
as + (=wild type). In the case of the gene for 
UV-sensitivity, however, w+ is the allelic state in 
which the reactivating action of the w cistron 
cannot be carried out. 
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T4 (about 70 lethal hits) at an average 
multiplicity of infection of three. Despite 
the occurrence of multiplicity reactivation 
(Luria, 47) the survival of T4 was negli- 
gible at this high UV dose; whereas the 
results have shown that the sensitivity of 
the u gene itself is sufficiently small to 
make sure that many of the cells obtain 
at least one undamaged wu gene. 

Materials and methods used in the ex- 
periments are described in a previous 
paper (Harm, ’59). The following set of 
experiments was carried out: , 

(1) UV survival of T2, singly infecting 
normal Escherichia coli B cells; 

(II) UV survival of T2, infecting E. coli 
B cells that were simultaneously infected 
with heavily (5 minutes) UV irradiated 
T2 at a multiplicity of about three; 

(IIL) UV survival of T2, infecting E. coli 
B cells that were simultaneously infected 
with heavily (5 minutes) UV irradiated T4 
at a multiplicity of about three; 

(IV) UV survival of T4, singly infecting 
normal E. coli B cells; 

(V) UV survival of T4, infecting E. coli 
B cells that were simultaneously infected 
with heavily (5 minutes) UV irradiated T4 
at a multiplicity of about three. 

The results of these experiments are 
presented in figure 1. The numbering of 
the curves refers to the above experimental 
conditions. Although the survival of T2 or 
T4 UV irradiated for 5 minutes was negli- 
gible compared to the survival of the phage 
under investigation, it should be noted 
that there are certain differences between 
curves I and II, and between IV and V. 
They are obviously due to the occurrence 
of multiplicity reactivation between the 
phage whose survival was studied and the 
heavily irradiated phage. It has been cal- 
culated from curves II and V that every 
lethal hit of the slightly UV-irradiated 
phage has a probability of about 15% of 
being reactivated by the heavily UV-irradi- 
ated phages infecting the same cell. 

The slope of the T2-survival curve under 
condition (III), however, approximates the 
one characteristic for T4. Since the irradi- 
ation itself was identical under conditions 
(I), (If), and (III), the reduced slope 
under condition (III) can only be a con- 
sequence of the different environment 


SURVIVAL (%) 
re) 
Sas ie Wa I 


I 
A 
\ 


0.01 | <a TT _ ann 
5 10 15 20 30 

UV DOSE (sec) | 

Fig. 1 UV survival of T2 and T4 under} 


ferent experimental conditions. The curves} 
marked with numbers referring to the ext 
mental conditions described in the text. 


within the cell. This conclusion stro 
supports hypothesis (B), since it is 4 
cient for the action of the u gene tha 
is present within the cell, but not ne 
sarily within the phage whose surviva 
being studied. 

If this interpretation is correct, 
would expect that most of the phage | 
ticles surviving according to curve III 
have the u* genotype, because the p 
ability for rescue of the uw marker fi 
the heavily irradiated phage by the 
viving phage would be small. To test 
theory, 10 plaques of about equal s 
originating from survivors of the hig! 
UV dose under condition (III), were po 
in a buffer suspension and again UV ir 
iated. The survival was followed dow! 
10~* and was found to be indistinguish 
from the original T2 survival. Evide 
none of the 10 phages from which 
plaques originated was genotypically 
otherwise the shape of the curve we 
have reflected some inhomogeneity of 
population with respect to UV sensiti 


e conclude, therefore, that an intact w 
present within a cell is able to modify 
urvival of a u* phage infecting the 
= complex by preventing lethality of 
t half of the hits. For this effect we 
introduce the term “u-gene reactiva- 
(uR), and we conclude that it oc- 
obligatorily in T4, thus causing the 
ced UV sensitivity of this phage as 
ared with TQ. 


sensitivity of the u gene function 


cause under experimental condition 
the wu gene is introduced by the 
ily UV-irradiated T4, the modified T2 
ival should involve a certain probabil- 
hat the u gene would be damaged. 
would expect, therefore, that by fur- 
increase of the T4-irradiation the frac- 
of complexes able to perform uR will 
ease. The experimental results, drawn 
gure 2, are in accordance with this 
ctation. The T4 UV-dose was raised 
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. 2 UV survival of T2 under experimental 
ition (III) with varied doses given to the 
ily UV-irradiated T4. The 5-minute curve 
entical with the one drawn in figure 1. The 
al survival curves for T2 and T4 are drawn 
omparison. 
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Fig. 3 UV survival of the phenotypic expres- 
sion of the wu gene as a function of dose. The 
points are the back extrapolation values of the 
curves in figure 2, relative to the back extrapola- 
tion value of the T4-curve. 


from 5 minutes to 7, 9, and 10 minutes, 
but everything else was the same as under 
condition (III). It is obvious that the in- 
crease of T4 irradiation has no effect on 
the final slopes of the curves, but decreases 
the values extrapolated back to zero dose. 
These values are proportional to the frac- 
tion of complexes able to carry out uR. 

These extrapolation values are a meas- 
ure of the UV sensitivity of the u gene 
function. In figure 3, these values rela- 
tive to the extrapolation value for the nor- 
mal T4 curve are drawn as a function of 
dose. The shape of the curve, resembling 
a three-target survival, is about what one 
would expect for an average multiplicity 
of three, if the w gene function is inacti- 
vated with one-hit kinetics and if one un- 
damaged uw gene within the complex is 
sufficient for uR to take place. The slope 
of the linear part is 0.9+0.2% of the 
slope of the T2 survival curve. This means 
that the sensitivity of the u-gene function 
is about 0.9% of the total phage sensitiv- 
ity. It seems reasonable to compare the 
u-gene sensitivity with the T2 sensitivity 
rather than with the T4 sensitivity, since 
the curve for the u-gene survival itself can- 
not involve any uR. An objection might be 
that the slope of 0.9% does not express 
the true sensitivity of the u-gene function, 
because with high UV doses other lethal 
effects could occur, preventing DNA in- 
jection or other early steps of the infection 
process. In this case the 0.9% would be 
but a maximum estimation of the sensitiv- 
ity of the u-gene function. 
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Relationship between uR and PhR 


According to the results of Streisinger 
(756) the great UV sensitivity (determined 
by w+) is strongly correlated with a high 
extent of photoreactivability, and the small 
UV sensitivity (determined by wu) with a 
low extent of photoreactivability. It is true, 
that under conditions of maximum PhR 
the T4 survival is still slightly higher than 
the T2 survival. However, it is reasonable 
to assume that the difference would com- 
pletely disappear under conditions of satu- 
rated PhR. But these conditions cannot be 
realized experimentally, because of the 
superposition of an inactivating effect of 
visible light (Symonds and McCloy, ’58). 

If this assumption is correct, we may 
conclude: (1) All lethal damages reactiv- 
able by the u-gene action are also photo- 
reactivable. (2) There is a fraction of 
damages, which are photoreactivable but 
not u-gene reactivable. This fraction is 
represented by the photoreactivability of 
T4, and amounts to about 10 to 15% of 
the primary lethal hits (i.e., lethal hits in 
T2). (3) The consequence of this relation- 
ship is that in case of obligatory uR (as in 
T4) the extent of PhR is small, and in the 
case of obligatory absence of uR (as in T2) 
the extent of PhR is high. 
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Experimental results with combine 
and PhR, which need not be describe 
detail, are in accordance with these 
clusions. They have shown that the 
survival under conditions of maxi 
PhR is almost identical, whether or} 
the complexes were simultaneously) 
fected with heavily UV-irradiated T4. 


Reactivability of the UV-inactivated 
rlI-B function 


All results described above concern 
UV sensitivity of the phage as a re; 
ductive unit, i.e. an average for the t/ 
sensitive material of the phage. The 
lowing results, obtained by inactivatio 
the rII-B cistron, indicate, however, 
the extent of reactivability (PhR as we 
uR) may be different in different regi 
of the phage genome. 

The functions of the two rII-cistrons 
known to be prerequisite for T4 to pr 
gate within a cell of E. coli K12 (A) 
zer, 55, 57). The rll-mutants can i 
these cells but usually cannot be r 
cated. Krieg (’59) developed a meth 
which the UV survival of the functions 
these units can be measured ie 
irradiated wild-type phage infect cells 
rlI-mutants. / 


FN 


taining unirradiated 


TABLE 1 


uR and PhR of UV hits preventing the rII-B function 


| 


sede en Genotype UV sensitivity of rIL-B function | 
xperimen ; ; relative to sensitivi 
number MAB ape Unirradiated a 
phage rII-B mutant Dark Max. PhR 
% % 

477 (bla ut 2.4 22 

480 ut ut 2.8 2.0 

481 ut ut Se 212 

483 ut ut 2.9 29) 

487 ut ut 2:5 22) 

488 u ut 2.8 2.0 

489 u ut 2.6 2.0 

502 u (T4) ut 227, 1.8 

504 u (T4) ut 2.8 1.9 

Average: 2.75 2.05 

471 u (T4) u (T4 r102) eli Osi 

472 u (T4) u (T4 r102) i 2:1 

499 u (T4) u (T4 r102) pra Dell 

501 cs u (T4 r102) 2.0 2.0 

509 Us u (T4 r102) 1.9 1.9 

Average: 2.04 2.04 


Reactivable sector: 0.7/2.75 = 0.25. 
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plex will liberate viable phage progeny 
as long as the rIl-function of the wild- 
| phage is not prevented by UV hits 
in this region. 
or the following experiments the stock 
Pht r*, T2 ut h 122, T2 uk r+ of 
isinger (756), T4 wild-type (Doermann) 
T4 71102 (Benzer, 55) were used. 
h the 722 and r102 markers are located 
he rII-B cistron. T2 and T4 do not ex- 
Je one another. The results concerning 
toreactivability and u-gene reactivabil- 
of the hits preventing the rII-B function, 
shown in table 1. They can be sum- 
ized as follows: 
1) If both the irradiated wild-type 
ge and the unirradiated rII-mutant are 
* genotype, the sensitivity of the rII-B 
ction is about 2.7 to 2.8% of the T2 
sitivity. 
2) The same result is obtained, if the 
diated wild-type phage is u, and the 
utant wu”. 
3) If the rII phage is genotypically wu, 
atter whether the irradiated wild-type 
ige is u, or u*, the sensitivity of the 
function is only about 2.0 to 2.1 of 
T2 sensitivity. 
4) Under conditions of maximum PhR 
sensitivity is about 2.0 to 2.1% for 
four combinations. 
Ve conclude from these results that uR 
rs only if the w gene is in the unirradi- 
d phage, and that uR can reactivate 
jut 25% of the hits preventing the 7vII-B 
Iction. PhR occurs to the same extent, 
only in those combinations where uR 
t4bsent. These experimental facts lead 
to the conclusion that 25% of the hits 
enting the 7rII-B function are reactiv- 
b by either uR or PhR, the other 75% 
/not. Thus, the extent of reactivability 
onsiderably less than that found for 
average of lethal hits in the total phage 
lome. ; 
The small amount of uR of the function- 
venting hits in rII-B is also the reason 
iy uR cannot be observed when only the 
‘irradiated phage was wu. It can be cal- 
lated that there is hardly a difference in 
be to be expected, as the probability 
bs that the u-gene function itself is dam- 


id. 


Reactivability in the “vulnerable 
centers” 


According to theoretical work of Barri- 
celli (756) the shape of multicomplex- 
survival curves of T2 (Dulbecco, 52) can 
be explained by the assumption of three 
so-called “vulnerable centers,” which to- 
gether make up about 20% of the total 
phage sensitivity. Experiments on multi- 
plicity reactivation with T4 CHarms<56; 
Epstein, 58) can be interpreted similarly 
assuming three vulnerable centers with 
around 40% of the total T4 sensitivity. 
The two results are compatible with each 
other if we assume that lethal hits in vul- 
nerable centers are not reactivable by uR, 
but have the same absolute sensitivity. On 
the other hand, Dulbecco (’52) found the 
multicomplex survival of T2 greatly photo- 
reactivable, which means that the PhR of 
the vulnerable centers is obviously high. 

It can be estimated that the UV hits in 
vulnerable centers, which are photoreac- 
tivable but presumedly not w-reactivable 
are sufficient to account for the difference 
in photoreactivability and w gene reactiv- 
ability inherent to the total phage, as men- 
tioned earlier. 

If this estimation is correct, the conclu- 
sion is suggested that generally the photo- 
reactivable and wu-reactivable damages are 
in fact identical, and the two types of re- 
activation have similar mechanisms. It 
is only necessary to assume that there is 
a special reason that uR cannot take 
place in vulnerable centers. The reason 
for the high contribution of the vulnerable 
centers to the total phage sensitivity is 
their presumed preduplication function, by 
which functional damages, which other- 
wise are non-lethal, are lethal in this case. 
We can, therefore, interpret the non-uR 
of hits in vulnerable centers by the ad-hoc 
assumption that these early functions have 
to be performed by the vulnerable centers 
first, to enable the wu gene to operate. 

Experiments by Stahl et al. (’61) also 
support the idea that u-gene reactivable 
and photoreactivable damages are identi- 
cal. They investigated the UV survival of 
T2 wu and T2 u* phages, of which the thy- 
mine was fully substituted by 5-bromoura- 
cil. It was found that the sensitivities of 
u and u* phage became identical and 
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that no PhR occurred. The simplest expla- 
nation for this behavior is that both photo- 
reactivable and u-gene reactivable UV 
damages occur in thymine. 


OPEN DISCUSSION 


J. SETLow?: You have postulated that 
the u gene possibly makes an enzyme 1n- 
side the cell. Have you any information or 
way of finding out whether the presence of 
UV damage in DNA is necessary for this 
enzyme to be made inside the cell? 

Harm: I cannot answer this question 
from the results presented here, because 
our experimental conditions involved nec- 
essarily a highly UV-damaged T4-DNA. 

J. SETLow: Could you inactivate those 
phages by some other agent which does 
not involve the photoreactivating enzyme 
as we know it, so that the w gene enters the 
cell carried by a phage inactivated by an 
agent other than UV? 

Harm: One could do this, but one must 
have an agent by which one is sure that it 
does not give multiplicity reactivation with 
UV-irradiated T2. And, second, it must 
be some agent by which you are sure that 
the genome goes into the bacteria. I think 
UV of wave length 254 mu is a very ex- 
ceptional agent in this respect. The work 
of Winkler and Johns at Cal Tech has 
shown that, even if one simply changes 
the wave length, one finds that at a given 
survival level the fraction of phages able 
to inject their DNA changes considerably. 

WINKLER’ : We irradiated a mixture of 
T2 and T4 at different wave lengths (235, 
265, 305 mu) and determined the killing- 
curves for both phages. The ratio of the 
UV-resistance of T2 to T4 was about 1:2.4 
at 235 mu and 265 mu. But by 305 mu 
irradiation, we got a different ratio. It 
was about 1:3.4. That means that by 305 
mu irradiation more wu-gene-reactivable 
damages are produced than by 235 mu or 
265 mu. 

G. FarLtia*: Is anything known about 
the spontaneous mutation rate of T2 and 
T4? How do they compare? 

Harm: I don’t think that anybody looked 
very carefully on this. Dr. Krieg, do you 
know if there are any quantitative meas- 
urements made to compare the spontane- 
ous mutation rate of T2 and T4? 


Kriec’ : I do not know of any syst 
atic, thorough comparison of spontane 
mutation rates in T2 and T4, but I susp 
that Dr. Benzer has some information| 
the subject. One pertinent investigat 
of his (Benzer, 61) concerns a comparif 
of spontaneous forward mutation rate 
two rII sites in T4 and T6. Since T6. 
twice the UV sensitivity of T4 and is ] 
T2 in this respect, the comparison is 
tween a phage strain having (T4) and ¢ 
lacking (T6) the w gene. The two si 
studied were “hot spots,” i.e., those wh 
r mutations most frequently occur in 
In one case, the corresponding site in 
had the same mutability as in T4 and 
the other case its mutability was lower 
a factor of four. He has, however, int 
preted this difference in a way that d 
not involve the wu gene. 

BILLEN® : Would the u-gene express} 
occur in the T2 system if you were to < 
chloramphenicol immediately after phi 
infection, allow the antibiotic to rem 
for 30-60 minutes and then wash it o 

HARM: Yes, it certainly would. We 
some of the uR-experiments with 10 to 
minutes adsorption at a concentration 
25 y/ml chloramphenicol, however, I thi 
this does not mean very much. Since ¢ 
has to dilute out the antibiotic after 
while in order to measure the surviva 
would suppose that the wu gene contro 
processes take place thereafter. 

HutTcuHinson’ : I would like to ask | 
Rupert if there is a coli strain that d 
not have this photoreactivating enz 
I am intrigued by the fact that the ph 
reactivating enzyme is tied up by the 
mouracil DNA and there is a lack of r 
tivation with the bromouracil phage. 
is possible that the u gene allows the 
toreactivating enzyme to act without li 

RupErRT® : I think Dr. Jagger is the « 
to tell you about photoreactivation in 
ganisms. I don’t know myself of any ¢ 


2 J. K. Setlow, Oak Ridge National a 


3U. Winkler, California Institute of T 
nology. 


*G. Failla, Argonne National Laboratory. 
°D. R. Krieg, Oak Ridge National Laborat! 
°D. Billen, National Science Foundation. | 
‘F,. Hutchinson, Yale University. ; 
°C. S. Rupert, The Johns Hopkins Universit 


that is not photoreactivating. Do 
ohn? 
GER’: No. 
LAN”: Is it technically feasible to 
a u* mutant of T4? If so, would 
ot expect that its UV sensitive curve 
be precisely that of T2? 
M: Yes. Actually we are going to 
is experiment when I am back in 
any, and I have already thought about 
chnical possibilities. It will not be 
because we have no method to select 
*. Therefore, we will have to use a 
mutagen and then test suspensions 
ividual plaques for UV survival. 
ant to be sure that among several 
eds of T4 surviving the mutagenic 
ent, we will find some u* mutants, 
will facilitate our work with uR.” 
B” : Two questions. First, can you 
ut the possibility that the w gene is 
d at the vulnerable center or one of 
Inerable centers? 
M: I think this is ruled out from 
ct that the sensitivity of the u gene 
ion itself is only about 1% of the 
phage sensitivity, whereas the three 
rable centers together have about 
So from this comparison, it seems 
probable that the w gene itself is not 
erable center, since the criterion for 
nerable center is its high UV sen- 


B: Then does B/r have a u gene? 
photoreactivable? 
[mKIN : Yes, it is. 
RM: I think B/r does not have a u 
If it would have one, the survival of 
d T4 should be identical when infect- 
/r. I don’t know whether anybody 
this, but I would expect that the 
ivity differences between T2 and T4 
e same in B/r as in B. A long time 
e tried several coli host strains to 
are T2 and T4 survival, but we didn’t 
ny strain where the ratio between 
ope and T4 slope was significantly 
ent from that obtained with coli B 
host. 
Ay™ : Isn’t the capacity of the bacil- 
support T2 changed if you add the u 
in the T4? 
Rm: At least not very much at these 
UV doses. If you were using unirradi- 
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ated or slightly UV-irradiated T4, the ca- 
pacity for T2 would be low. T4 excludes 
T2 to some extent. If one takes an equal 
input of T2 and T4 for the same host cell, 
one finds among the progeny about 90% 
T4 and 10% T2 or something like that. 
But we did not have any difficulties in this 
respect with the heavily UV-irradiated T4. 
I don’t remember exactly, but the loss of 
infective centers was probably not more 
than 20%. In any case this should not in- 
fluence our curves since a certain loss of 
capacity would concern all experimental 
points to the same extent. 

KAPLAN: In terms of Dr. Rupert’s model 
yesterday, it would appear that the photo- 
reactivating enzyme goes through two 
steps, the first one being a combination 
with damaged DNA, and the second, a 
light-catalyzed release of the repaired 
DNA. 

In this instance it appears that the u 
gene functions in the absence of a need 
for light. Therefore the question arises 
whether the u gene functions in some way 
to release DNA from the same enzyme. 
That is, the simplest approach would be 
to assume that the photoreactivating en- 
zyme is present in the E. coli anyway and 
that it operates in both cases to repair the 
DNA. 

But an alternative release mechanism 
is supplied by the wu gene and thus light 
is not required. In other words, the wu gene 
might involve in some way another en- 
zymatic system or some other catalytic 
function which would separate the re- 
paired DNA from the same photoreacti- 
vating enzyme. 

Could this not be tested in Dr. Rupert’s 
system by making extracts of bacteria that 
have been infected with T4 and thus con- 
tain the w gene? 

J. SETLOW: I might say this is exactly 
the experiment that I have been trying to 


9J. Jagger, Oak Ridge National Laboratory. 

10H. S. Kaplan, Stanford University. 

11 Meanwhile the experiment has been done 
successfully. Among 250 individual plaques 
Harm found one which was T4 ut as judged by 
UV-sensitivity, PhR, and host range. 

12M. Lieb, University of Southern California. 

13, M. Witkin, State University of N. Y. 

14J,, H. Gray, Mt. Vernon Hospital, Northwood. 
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do and I haven’t had success yet. I have 
made an extract from T4 infected coli and 
have tried to reactivate UV damage to 
transforming principle in the dark with 
this extract. 

The results are muddy at the moment 
because of the bacterial nuclease. 

KAPLAN: But that is not quite the ex- 
periment. 

J. SeETLow: The use of the u gene sys- 
tem to repair transforming DNA might 
enable us to determine whether, as Dr. 
Kaplan suggests, the photoreactivating 
enzyme causes DNA repair in the dark, 
while the u gene supplies only the release 
mechanism. Fractionation of the coli ex- 
tract could answer this question. 

KapLAN: I think you are making things 
difficult for yourself, however, because you 
are trying to get both the photoreactive 
enzyme and the wu gene out of the same 
cells. Possibly it would be easier to start 
with a potent preparation of photoreacti- 
vating enzyme and use it in the dark with 
your extract of u gene-containing bacteria. 

J. SETLOW: But the photoreactivating 
enzyme is always going to be there. How 
are you going to make an extract without 
it? It comes from coli. 

KApLAN: This may be, but the extract 
you prepare may be extremely weak in this 
regard. Possibly in order to demonstrate 
u-gene effect, you should start with a 
known potent preparation of photoreacti- 
vating enzyme and use it in the dark. If 
-you could demonstrate release of repaired 
DNA, then the w-gene function would be 
related to the release. 

J. SETLOW: Yes. 

HOWARD-FLANDERS* : Would you show 
-as the data from which you conclude that 
the wu gene does not act on the “vulnerable 
centers.” 

Harm: If one compares the monocom- 
‘plex survival curve with the multicomplex 
‘survival curve of T2, two facts are rele- 
‘vant: (1) The slope of the multicomplex 
curve is only about 20% that of the mono- 
complex curve, (2) the multicomplex 
curve has a hump in the low-dose range 
which is absent or very small with the 
monocomplex curve. The slopes of multi- 
complex curves are almost independent 
of the multiplicity of infection, but the 


hump becomes the more expressed 
higher the multiplicity. This is sup) 
to be due to the presence of three diffe 
vulnerable centers (Barricelli, 56), v 
behave like the units in the original 
theory by Luria and Dulbecco (49). 
in order to survive, a multicomplex h 
contain at least one of each of the 
vulnerable centers in undamaged ¢ 
tion. 

As a first approximation the multi 
plex survival reflects solely the sensit 
of the three vulnerable centers, wh 
the sensitivity of the other material 
be neglected. This means that in T 
sensitivity of the vulnerable cente 
about 20% of the total phage sensiti 
In T4, the multicomplex curve has a 
40% the slope of the monocomplex c 
i.e., the three vulnerable centers of T 
supposed to have about 40% of the 1 
T4 sensitivity. Taking into account 
the monocomplex sensitivity of T4 is 
about half that of T2, the absolute sen 
ity of the three vulnerable centers 1 
be about the same in T2 and T4. * 
is the reason to assume that the vulne 
centers are not reactivable by the w- 
action. 
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Itraviolet radiation (UV) has long been 
rded as a promising method whereby 
might uncover some of the subtler 
cts of bacteriophage multiplication. 
1 (59) has recently reviewed the vari- 
ways in which UV has been used in 
endeavor, and he has summarized the 
ent notions as to the mechanisms 
hh may underlie the rather extensive 
now available. The great majority of 
rmation involves the ways in which 
aged phage particles may be reacti- 
d and is therefore appropriate to this 
posium. It is the purpose of this paper 
quire in some detail into one of the 
ems that employs UV radiation for the 
ysis of bacteriophage genetics and 
tiplication. This system is designed to 
stigate “cross reactivation” (CR), and 
present discussion will deal exclusively 
the pertinent investigations made 
bacteriophage T4. 

ross reactivation has also been called 
rker rescue,” a term readily understood 
the description of such an experi- 
t. The procedure is to irradiate one 
tically homogeneous phage stock and 
repare a population of mixedly infected 
eria, i.e., infected by a single irradi- 
phage particle and phage particles 
an unirradiated stock (carrier phage). 
genotypes of the carrier phage and 
irradiated phage differ by one or more 
ant markers, and the large majority 
rogeny phage have genotypes derived 
tly from the unirradiated parental 
ge. The objective is to determine the 
mt to which a genetic marker (or 
kers ) from the irradiated phage is con- 
uted to the progeny population. Thus 
‘test is made whether the genetic infor- 
ion in a particular marker of the ir- 
iated phage is rescued from the killed 
ticle as a result of the multiplication 
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of the unirradiated phage. This test is an 
estimate of the probability of marker res- 
cue taking place. In host cells where 
rescue does occur, it may also be of inter- 
est to know how many copies of the res- 
cued marker(s) are found in the phage 
progeny. 

Experiments of this type differ in at 
least one important respect from multi- 
plicity reactivation (MR) experiments in 
which each of the phages infecting a bac- 
terium has been irradiated. From analysis 
of the latter type of experiment, it has 
become clear that UV inactivates, on the 
one hand, targets that are large (vulner- 
able centers) and which must evidently 
carry out functions prior to replication and 
recombination of phage genomes. On the 
other hand, a second class of damages is 
also uncovered; and it appears to be com- 
posed of many smaller damages which, 
in sum, represent the remaining 60% of 
the total target. The conditions for MR 
(i.e., that a bacterium infected with UV- 
irradiated phages produce active virus) 
are that (1) from the total set of input 
particles, at least one complete set of un- 
damaged vulnerable centers be present in 
the cell to perform the premultiplication 
functions for the complex, and that (2) 
small damages have not caused homolo- 
gous lesions in each of the particles of the 
input. If multiplication can begin, genetic 
recombination is sufficiently efficient to re- 
constitute a whole undamaged genome in 
the majority of such cases. (For a more 


1 Most of the experiments were carried out at 
the University of Rochester by Martha Chase 
Epstein and the author. They will be published 
in more detail elsewhere. The work was sup- 
ported by research grants C-2306 and C-4437 from 
the National Cancer Institute of the National 
Institutes of Health, United States Public Health 
Service. 
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complete discussion and theoretical treat- 
ment see Barricelli, ’60.) 


Nature of UV lesions 


The previous discussion already points 
up the need to begin any analysis of UV 
experiments by making a set of definitions 
describing the types of radiation damages 
to be distinguished. In this connection, an 
adaptation of the standard target theory 
will be used. UV irradiation renders phage 
particles incapable of plaque formation as 
an exponential function of dose. The 
slight shoulder generally, although not al- 
ways, observed in plotting the logarithm 
of surviving fraction against dose will be 
ignored here. It will be convenient to ex- 
press UV doses in terms of phage-lethal 
hits (PLH) which are given by the nega- 
tive natural logarithm of the surviving 
fraction. This value represents the aver- 
age number per particle of total lethal 
damages resulting from a given radiation 
exposure. The total is composed of sev- 
eral types of damages. The most obvious 
kind of damage one would expect to find 
is one that interferes with the ability of 
the virus particle to adsorb onto a sensitive 
cell, or once adsorbed, to inject its genome 
into the bacterium. Such damages will be 
called injection damages, and are equiv- 
alent to the “early-step” damages of Harm 
(58). Considering the types of damages 
that might be anticipated after injection, 
Symonds and McCloy (’58) and Barricelli 
(60) suggested a terminology which will 
be adopted here. These authors distin- 
guish between different kinds of lesions by 
asking whether they interfere with the 
replication of the damaged site itself (ge- 
netic damages), and/or whether they in- 
terfere with a viral particle’s ability to 
carry out some heterocatalytic function on 
behalf of all the phages infecting a par- 
ticular bacterium (functional damage). 
Using these criteria, three kinds of lesions 
in addition to injection damages are con- 
ceivable, namely, exclusively genetic le- 
sions, exclusively functional lesions, and 
finally lesions that produce both a func- 
tional and a genetic disability. The last 
type will be referred to as mixed lesions. 

From MR experiments alone it is diffi- 
cult to determine whether damages are 


genetic, functional, or mixed. In CR 
periments, however, any functional 
ciency resulting from a lesion will a 
matically be supplied by the unirradi 
carrier phage put into the bacterium, 
it then becomes possible to analyze d 
ages for their replicational, or gene 
properties only. It is especially becaus 
this simplification that CR experime 
have here been selected for closer scruti 

CR experiments have been carried | 
largely by two methods having sufficie 
different implications to call for sep 
treatment. The first technique, wh 
makes use of single-burst technique 
is restricted to low doses (maximum 
50 PLH) will be called the single-b 
method, and the second, which utili 
the rII-K12(4) system discovered by Bi 
zer (757), will be known as the rII metht 


Single-burst experiments 


CR experiments using the single-bu 
method were first reported by Doermaz 
Chase, and Stahl (55), who developec 
technique of infecting strain B of Esc’ 
richia coli with irradiated? wild-type at ] 
multiplicity (about 0.2 phage per ba¢ 
rium ) and a carrier phage at a multiplic¢ 
of two to three. The carrier phage is ¢ 
tinguished from the wild-type by thi 
mutant loci (m, r, and tu in these expt 
ments). After disposing of the unadsorl 
phages with anti-T4 serum, the culture 
diluted sufficiently so that when samp 
of the diluted material are distributed! 
many individual tubes, only about 26 
of the tubes will receive a mixedly infec 
cell. These single-burst aliquots are in 
bated until the infected bacteria hi 
lysed, and are then plated. Any pla 
showing one or more of the wild-t 
markers (m*, r*, or tut) are scored 
the frequency of each of the possi 
genotypes. 

From such an experiment, 4 clas 
of bursts can result, namely, the cl 
with (1) all three, (2) with any two 
the three, (3) with any one of the thi 
and (4) with none of the three wild-t 

* All radiations used were administered f 


a 15-watt, low-pressure mercury vapor I. 
(germicidal lamp). 
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rkers represented. The last category 
not, of course, be distinguished from 
ts which never received a wild-type 
icle. Therefore all calculations of 
ker rescue are based only on those 
ses in which at least one wild-type 
ker was scored in the burst. This 
ysis also assures that any damages 
entirely blocked injection of the ir- 
iated phage will be excluded from con- 
ration. Since functional impairments 
also eliminated in CR, only the genetic- 
age component of the UV lesions is 
sured by single-burst experiments. 
ingle-burst experiments involving three 
binations of genetic markers were re- 
ed by Doermann, Chase, and Stahl 
). In one set, all three markers were 
ed, in another two markers were linked 
the third was unlinked, and in the 
set of experiments, all three markers 
e unlinked, or at least behaved as 
gh they segregated independently of 
another. From the various experi- 
ts, extending over a dose range from 
to 50 PLH, the following conclusions 
Id be drawn: 

. One marker of the irradiated parent 
be completely absent from the burst, 
ough another is represented in a nor- 
or nearly normal number of the prog- 
particles. This result suggests that 
part of the genome can be damaged 
out appreciably affecting another part. 
marker that is absent from the prog- 
will be referred to as “knocked out.” 
. When markers are genetically un- 
ed, they are knocked out independently 
ach other. 

. If two markers are linked (12 map 
ts in this case), they are knocked out 
a correlated manner. More distantly 
ed markers (20 map units in this ex- 
ple) behave as though they are un- 
ed in the sense that they are knocked 
independently of each other. 

. If one marker of a linked pair is 
cked out, but the second is present in 
burst, the latter tends to appear in a 
aller number of phages than a third 
inked marker contributed by the ir- 
iated parent to that same burst. 

he interpretation advanced to account 
these results is that a certain fraction 
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of the total lesions are located as discrete 
damages in the genetic structure, and that 
genetic recombination is the mechanism 
by which surviving markers are rescued 
from the radiation-damaged genome. 


Experiments with the rll method 


More recently Doermann and Chase (61) 
developed another technique which per- 
mits experiments to be carried out at much 
higher doses of radiation. This method 
makes use of the fact that rII mutants of 
T4 cannot make plaques on K12(i) while 
rll* phages are able to do so. In the rll 
method wild-type phage is irradiated with 
UV and mixed with strain B of E. coli in 
such a ratio that only one or two wild-type 
particles will be adsorbed per bacterium. 
In practice, multiplicities of 0.2 to 0.6 were 
used, correcting for doubly infected bac- 
teria on the assumption of a Poisson dis- 
tribution. Simultaneously the bacteria are 
infected with two or three particles of 
unirradiated carrier phage of some rll 
genotype. The infected bacteria, after re- 
moval of unadsorbed virus with anti-T4 
serum, are plated on K12(i) before they 
have had a chance to lyse. Any bacterium 
liberating wild-type phage makes a plaque 
on K12(,1) while others do not. In this 
way it is possible to measure the prob- 
ability that an irradiated wild-type phage 
will succeed in transmitting to the progeny 
the rII* allele of the rII mutant gene in the 
carrier. Thus the chance of rescuing, as a 
function of UV dose, the rII* allele of any 
rll marker put into the carrier can be 
rather accurately determined. Since it is 
possible to plate as many as 10° rII-produc- 
ing bacteria on one plate without interfer- 
ing with the assay of the r* phage, a very 
low fraction of rescues can be detected and 
consequently large doses of UV (10° or 
more PLH) can be utilized. 

Single rlIl* marker rescue experiments. 
An important advantage of irradiating the 
wild-type phage in such a system is that 
the same irradiated samples can be used 
with a variety of carrier phages. In that 
way CR of a number of rII* markers was 
measured by making use of different ali- 
quots of the same irradiated phage sus- 
pensions. The points and the correspond- 
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Fig. 1 Rescue of 725+ measured by the rII 
method. The curve drawn through the points 
represents the probability of rescue of the r205* 
marker as a function of the UV dose. The curve 
labeled A represents the ultimate slope of the 
rescue curve, on the assumption that extrapola- 
tion (broken line) is justified. Curve B repre- 
sents the survival curve divided by the A curve. 


ing curve in figure 1 show the CR of the 
Yoos* locus of T4B. 

For convenience in discussion, it will be 
useful to dissect the curve into two sepa- 
rate components. There appears to be an 
exponential portion which extrapolates 
back to a value of approximately 10~? at 
zero dose. Assuming that extrapolation is 
justified, curve A has been drawn to rep- 
resent one effect of UV radiation. Marker 
rescue values have been divided by cor- 
responding values from curve A, leaving 
the second component of the marker res- 
cue curve which is labeled B in the figure. 

The single-burst data already suggested 
that UV causes discrete lesions in the 
genetic structure itself, and that rescue 
results from a crossover between the 
marker and the nearest hit to the left, and 
another crossover between the marker and 
the nearest hit to the right. In such a 
model only the hit nearest the marker on 
each side is of consequence, and for any 
additional radiation to reduce the prob- 
ability of rescue, it would have to place 
another hit between the two hits surround- 
ing the marker. Therefore with increasing 
doses of radiation, the sensitive target is 
expected to become progressively smaller 
as the hits are crowded nearer and nearer. 
and a curve which has an upward con- 


cavity will result. The proposed inte: 
tation of curve B is that it represents 
likelihood that a double crossover wi. 
cur in such a way that it will rescu 
undamaged marker from the surroun¢ 
hits. 

Curve A, on the other hand, is i 
preted as a measure of the lesions 
render the marker unsusceptible to re 
According to this interpretation, once 
region beyond 300 PLH is reached w 
the survival curve has assumed its 
mate slope, the likelihood is negligible 
any hit will be placed in a positio 
which it can reduce the probability of 
cue without inactivating the marker it 
In this range, practically all hits that} 
detectable in CR experiments inacti 
the marker, or in some other way re 
it incapable of being rescued. 

There are several ways in whic 
marker could be completely excluded 
a chance of rescue. 

1. Injection damages could conceiv) 
account for all or part of the slope of cv 
A. In single-burst experiments, injec} 
damages are not detected because the ¢ 
are based only on yields containing at] 
one marker from the irradiated Sa 
Such lesions would not, therefore, co 
tute a component of the marker-res 
curve when the single-burst method is 
ployed. In contrast, injection damé 
would constitute a component of | 
marker-rescue curve when the rII met 
is used since the measure of marker | 
cue is based on the number of irradid 
phage particles put into the experim| 
For example, if a UV lesion prevente 
particle from adsorbing, the r* marke’ 
this particle would be included in the f 
tion knocked out. | 

2. A second possibility to account| 
the slope of curve A is that it may, in wl 
or in part, be due to the effective size of 
lesion itself. This effective size migh 
due to the physical dimensions of the d 
aged area, or alternatively it might re’ 
sent a measure of some lower limit on 
proximity of two rescuing exchanges. 
ter additional data have been presen 
discussion of the interpretation of t 
curve A and curve B will be renewed. 

Marker rescue curves of 5 other ‘ 
markers have been determined and tre 
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TABLE 1 


Characteristics of various single-rII+ rescue curves 


Marker rescue curves have been drawn throu i i 
: : [ 1 gh points derived from CR experiments usi 
aay aliquots of the same irradiated wild-type phage for the Goreapcnding points inven 
eous Led The best fit was made by eye. Each curve is based on values determined 
ae 5 ae a eae ered ultimate slopes (A curve, see fig. 1) were determined 
c ; — ifferent doses ich were higher than 300 PLH. 
their ultimate slopes in the vicinity of 300 PLU. piel ate dagen amntdan 
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Marker i 
ie oe MLH/ PLE 
Y147 Lr S< Ala}-3 0.0062 
Yo07 Ope 10n2 0.0060 
Y205 0.8 < 10=2 0.0059 
Ts320 OL9 < Os 0.0059 
To71 0.9 x 10-2 0.0055 
Yie4” 10) SK IO? 0.0117 


(Benzer, °57). 


the data in figure 1. The characteris- 
of these curves are summarized in 
le 1. It is noted that the A curve com- 
ent of all 6 curves extrapolates to ap- 
ximately the same zero-dose intercept. 
ther, each marker rescue curve reaches 
ultimate slope at about the same UV 
e (300 PLH). Finally except for risi*, 
the markers are inactivated with 
ut equal probability (0.0055 to 0.0062 
H per PLH, where MLH represents the 
s damaging the marker itself at any 
en UV dose, and is given by the nega- 
e natural logarithm of the surviving 
ction of markers which can be read di- 
tly from the A curve). The mutant ric 
known to be a deletion covering about 
recombination units (Benzer, °57), 
ereas all the others are presumed to be 
int mutations since they all have finite 
ersion rates. From these comparisons it 
y be seen that except for ric;* the curves 
almost indistinguishable. 
Multiple rIll* rescue experiments. Still 
ing the same samples of irradiated wild- 
e phage, we determined marker rescue 
rves for a number of cases in which the 
ultaneous rescue of more than one rIlI* 
rker is involved. In this situation, both 
+ markers must be rescued into the 
me phage particle in order to produce 
phage which can make a plaque on 
20 i) . Representative rescue curves are 
awn in figure 2, and the characteristics 
5 such curves are summarized in table 2. 


* Ratio of “marker-lethal hits” to phage-lethal hits, expressing the relative slopes of the 
A pure for a marker and the phage-survival curve. 
This marker is known to be a deletion in the A cistron of about 0.8 recombination units 


Although it is for the present impossi- 
ble to ascribe the A curve for single mark- 
ers to genetic damages, the multiple-r* 
curves do permit some estimate of genetic 
lesions. If we make the extreme assump- 
tion about the A curve, namely that all the 
hits inactivating single markers are due 
to injection damages, then the data in 
table 1 show that approximately 0.006 of 
all hits are in that category. But since the 
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Fig. 2 Rescue of the average single rlI* 
marker and of representative multiple rII*+ seg- 
ments of the genome as a function of UV dose. 
The various markers used are indicated in the 
figure. For additional information consult table 2. 
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TABLE 2 


Characteristics of various multiple-rII* rescue curves 
i i i ame irradiated 
The data given are based on rescue curves as described in table 1. The s e irra 
wild-type phage samples were used. In the multiple-rlI+ curves, however, the ultimate slopes 


teeper, making it impossible to obtain reliable data at some of the high doses. The 
Sralaeles tt x Ze 13 to 17 points each, and their ultimate slopes 


(A curves) are estimated from 7 to 11 points at doses higher than 300 PLH. Here, too, the 
ultimate slopes were invariably reached in the vicinity of 300 PLH. 


multiple-rlI*+ rescue curves are thus based on 


i Tot Genetic Hits per 
pases eo yess MLH eLE? MLH/PLH? map oa 
T227%205 0.26 LO 36 WOR* 0.0078 0.0018 0.0069 
TeosTs20 0.43 Oe One 0.0090 0.0030 0.0064 
Y227%320 0.75 08> One 0.0120 0.0060 0.0080 
Teo27K2051320 0.75 Ops < GNOre 0.0120 0.0060 0.0080 
T 147% 297 0.90 O95 1052 0.0103 0.0043 0.0048 


1From Chase and Doermann (’58). 
2 As in table 1. 


3 By subtracting 0.0060 from total MLH/PLH as discussed in text. 


same irradiated wild-type phage samples 
were used in the multiple-rlI* experiments 
given in figure 2 and table 2, the increased 
values of the ratio MLH/PLH must be due 
to the added sensitivity of the genetic ma- 
terial between the markers to be rescued. 
Similar to the single-rII* marker rescue 
curves, in all the double marker rescue 
curves (fig. 2) the ultimate slope is 
reached in the vicinity of 300 PLH. Fur- 
thermore, the A-curve extrapolations inter- 
cept the zero dose ordinate at approxi- 
mately the same values as in the single 
rll* curves (between 0.5 X 10-? and 1.0 
xX 10-’). These similarities indicate that 
the B component of the survival curves is 
similar in all of the cases, and appear to 
give some justification to the dissection 
of these survival curves into an A and a B 
component. Since the curves differ only 
in ultimate slope (MLH/PLH), it seems 
reasonable to assume that in regions as 
short as those being considered here (less 
than one map unit), a hit between the two 
markers prevents rescuing both of them 
into the same phage particle. Such con- 
siderations appear to form a reasonable 
basis for calculating the fraction of the 
total damages per map unit and these esti- 
mates have been included in table 2. They 
show that for the rIIA cistron, one map 
unit will be hit with 0.0048 to 0.0080 of 
the total PLH. 

One of the original objectives of the mul- 
tiple-rII*-rescue experiments was to obtain 
an estimate of the total map length of the 
genome. The slopes of the A curves for 


single markers suggested that very little 
the total damage could be accounted | 
by injection damages (maximum of 
proximately 0.006). If it is assumed 
the purpose of calculation, first, that 
exclusively functional damages exist, a 
second, that hits are randomly distribui 
throughout the genetic map, the estim| 
of the total map is simply the recipro¢ 
of the fraction of hits per map unit d 
culated in table 2. The values of the | 
ciprocals are between 125 and 208 m 
units per total UV target. 

This calculation is based on data ‘ 
tained using very short map intervals ai 
are therefore almost completely correct 
for high negative interference (Chase ai 
Doermann, 58). The total recombinati 
map of T4 when given in values correct 
for high negative interference (Barrice 
and Doermann, 60) must be apprecial 
longer than 200 units. One of the ti 
assumptions therefore must be in err 
To ascribe to an appreciable fraction | 
the damages an exclusively functior 
character would only magnify the discr 
ancy between the already known m 
length and the CR estimate. Therefore t 
assumption of uniform sensitivity of t 
genome is probably unwarranted. Hen 
the rlI region is probably more sensiti 
to UV than the average genome. 

It should be recalled that the values 
0.0048 to 0.0080 hits per map unit < 
based on the assumption that genetic h 
are point damages and that single mark 
knockout is due to injection damages. 


extreme opposite is assumed, namely 
t no injection damages exist, but single- 
ker knockout is due to the effective 
sical length of the lesions, a similar 
ulation can be made. The result is 
tical with the previous one, however; 
estimate of the genome is unrealis- 
y short. It seems unavoidable that 
rll region of the recombination map is 
e sensitive to UV lesions than other 
ts of the genome. (See Barricelli and 
rmann, 61, for a more complete theo- 
cal treatment. ) 
escue of surrounded marker. While 
e difficulties seem to arise when trying 
make precise quantitative determina- 
s from the CR experiments, the results 
both the single-rII* and the multiple- 
experiments give strong qualitative 
port to the notion of rescue by double 
ssover. A third set of experiments 
uld also be mentioned in support of 
double-crossover hypothesis for marker 
cue. These experiments, like the first 
CR experiments described, measure the 
bability of rescue of a single rIlI* 
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ig. 3 Rescue of T14s* from irradiated wild- 
e and from irradiated riesfiss* 7147 AS a function 
UV dose. Curve I represents the probability 
rescue from irradiated wild-type and curve II 
mm the double-rII stock. The curve labeled II/ I 
resents the influence of the two surrounding 
narkers on the likelihood of rescue as discussed 
text. It should be pointed out that fis is 
dently a short deletion since it has no measur- 
le reversion rate (Benzer, °57). 
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marker. Here, however, another restric- 
tion is placed on the rescue. The irradiated 
phage is also mutant; one rII mutant is to 
the right and one is to the left of the rlI* 
marker to be rescued. Thus r* phage is 
produced in a burst only when a double 
exchange succeeds in separating the cen- 
trally located r* marker from the sur- 
rounding rII loci. The latter act in one 
sense like genetic hits from which rescue 
must be accomplished. In figure 3, the 
data from one such experiment are shown. 
Here curve I represents the rescue of fiis* 
from wild-type phage as a function of dose. 
Curve II shows the rescue of the same 
locus from Tisst145' 1147. Because the sur- 
rounding markers are so closely linked to 
the centrally located r*, that double cross- 
overs are rare, wild-type phage are not 
produced in every mixedly infected bac- 
terium. At zero UV-dose, the r* was sepa- 
rated at least once from the surrounding 
rs in only about 2.5% of the particles put 
into the cells. If the reducing target notion 
is correct, it would be expected that at 
some dose the surrounding hits on the 
genome would be closer to the ria;* than 
the surrounding r markers and the latter 
would no longer influence the probability 
of rescue. At that dose, the two survival 
curves I and II should become superim- 
posable even though at zero dose they are 
far apart. If the curve for the surrounded 
case is divided by the curve for the single 
marker survival, the resulting curve should 
approach unity as the UV dose is increased. 
As seen in the figure, this expectation is 
borne out. In other words, at high doses, 
both of the two crossovers necessary to 
rescue the r* marker tend to occur within 
the interval between the surrounding r 
markers, producing an r* particle each 
time. Similar results were obtained using 
three other sets of markers. The dose at 
which the single r* and the surrounded r* 
rescues became equal was inversely related 
to the map interval between the markers. 
The major prediction of the double cross- 
over hypothesis, that of reducing target 
size, was fulfilled, giving additional rea- 
son for its acceptance. 


Clone-size of rescued markers 


The preceding experiments were con- 
cerned exclusively with measurements of 
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TABLE 3 
Average clone size of markers in bursts where rescue occurs 

i ingle-burst CR experiments in which wild-type T4D was 

ri os ee nee remy seareetine +, rag+, and tua»+ in the bursts were averaged. 
i i i ild- irradiated with UV and 

is’ fr rll-CR experiments in which wild-type T4D was irra 

Selene dee plated on K12(A) so that only the 747* allele would be scored. Except 
for the 48 PLH sample in part A, which contained only 65, each clone size determination is 


irradiated with UV and the frequencies of maz 


based on more than 100 clones. 


A. Single-burst method 


B. The 7II method 


1 UV dose Clone 
ern eee (PLH) size 
(0) 81 70 220 
8 19 94 Pps 
16 is P77 2.5 
24 6.1 292 1.8 
32 Cibi/ 794 1.9 
40 She 
48 Lees 
70 2.2 : 


the probability of rescue as a function of 
dose. In the hope of getting additional 
insight into the relationship of the res- 
cued structure to the whole intracellular 
phage population, experiments were also 
done to find out how many copies of the 
rescued marker from one irradiated par- 
ticle succeeded in getting into the mature 
infectious phages from one burst. At low 
doses, when the standard single-burst 
method is practicable, virtually any marker 
can be used. At higher doses, where res- 
cues become rare events, a selective proce- 
dure is required. A simple modification of 
the rII method is efficient for this purpose. 
Instead of infected bacteria being plated 
before lysis, they are distributed into a 
large number of aliquots. The dilution 
made prior to distribution is such that an 
appreciable fraction of the aliquots con- 
tain no rescue clones. The aliquots are 
incubated until after lysis has occurred 
and then plated on K12(\) a process which 
allows selective scoring of the rII* par- 
ticles in the progenies. Assuming a Pois- 
son distribution, the number of clones can 
be calculated from the plates containing 
no plaques. The total number of plaques 
scored are then divided by the calculated 
number of clones to give the average clone 
size in bursts in which rescue occurred. 
This will be called the rII method for clone 
size determination. 

Table 3 shows the results of experiments 
using the standard single-burst method for 
doses up to 70 PLH and the rII method for 


considerably higher doses. It is noted t 
the clone size drops off precipitously, ev 
at low doses, so that at 48 PLH it has 
ready been reduced to about two fro 
zero-dose value of 81. Thereafter the v 
does not decrease farther. Even at ; 
proximately 800 PLH the average cl 
size observed was 1.9. This result is rat 
surprising in view of Stahl’s (’56) ear 
observation that recombinants for two vi 
closely linked markers in the absence | 
UV irradiation gave a clone size of or 
eR 

One plausible explanation of this ! 
servation would depend on a difference 
the average time during the latent peri 
when rescue occurs as compared to t 
average time when normal recombinati 
takes place. For normal recombinants 
appears as though most of the opportu: 
ties for exchange might occur late in t 
growth cycle. This late production wot 
result in many of the critical recombina 
genomes being left in the vegetative pc 
at the time of lysis. For CR, on the ec 
trary, the average time of rescue ten 
to be earlier and there is a greater like 
hood that all copies would have been - 
moved from the pool and matured into - 
fectious phage particles. It is propos 
that the reason for the later average « 
currence of the normal recombination 
is that all prospective components of t 
mating system become more numerc 
with time, and the opportunities for t 
appropriate matings would then beco! 


The same stock of carrier 
d in the other, T1687 145 * 1147, 
14 map units between rigs a 
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TABLE 4 


Clone size of ris5+ rescued from irradiated wild-type and from irradiated T1687 145 


"1147 


phage T4Briss was used in both experiments. In one, wild-type, 
was irradiated. The order of the markers is as given, with 


nd ry4s and with 0.41 map units between r 
A Ue . 145 and 1147.1 The 
umbers in parentheses indicate the number of clones on which the clone-size eanmate is 


ased 
UNedose Clone size of r+ 
PLH A 
¢ ) UV-wild-type UV-riest 145 t+ 1147 
0 29 (88) Ui Cayb) 
378 1.6 (160) 1.5 (94) 
810 1.8 (230)? tices (C7 


1From Chase and Doermann (’58). 


er toward the end of the latent period. 
suggested that irradiated genomes 
however, unable to multiply, and 
fore the chance to rescue from the 
e UV-damaged genome is more uni- 
y distributed throughout the latent 
d. In fact, it is known that the UV- 
ivated genomes are removed from 
egetative pool and matured into in- 
ous (although incapable of independ- 
ultiplication) phage particles (Her- 
and Burgi, 56; Tomizawa, °58). If 
UV-inactivated genome cannot repli- 
‘there would then appear to be a good 
ce that it would be swept out of the 
tative pool relatively early in the latent 
with or without a rescue having 
place. 
e test of this notion has been made. 
clone size of a surrounded rIIl* marker 
een measured as a function of dose in 
arison with the same marker rescued 
the wild-type phage. Table 4 shows 
ata. When the wild-type was irradi- 
the result was similar to the data 
in table 3. The clone size at two 
doses was reduced to 1.6 and 1.8 from 
ro-dose value of 29. When the same 
er was rescued from between two 
y rll markers, the clone size at zero 
. was only 1.1, in agreement with 
’s earlier observation for a two-factor 
s. At both the higher doses, however, 
clone size was increased to 1.5, an in- 
se which is predicted by the hypothesis 
*h invokes nonmultiplication of the 
jiated particle to explain the clone-size 


> 


2 Two exceptionally large clones (277 and 124) were excluded from the calculation on 
e assumption that they represented two unirradiated wild-type contaminants introduced 
to the adsorption mixture together with the carrier phage. 


DISCUSSION AND CONCLUSIONS 


The principal conclusions from these 
data may now be summarized. From sin- 
gle-burst experiments it is clear that UV 
makes lesions in the genome and that 
markers are knocked out in a correlated 
way or independently of each other de- 
pending on the closeness of their genetic 
linkage. This result immediately suggests 
that the total UV target includes an appre- 
ciable fraction which suffers discrete ge- 
netic damages, and further that the rescue 
of genetic markers from such a damaged 
structure is brought about by genetic re- 
combination which separates the markers 
from the surrounding damages. 

High-dose experiments using the rll 
method support this hypothesis with three 
kinds of data: 

1. In single rII* rescue, survival curves 
bend upward, reflecting reduction in size 
of the surviving target with progressively 
increasing doses. This curvature is pre- 
dicted by the hypothesis which invokes 
double crossover as a rescuing mechanism. 
The rescue curves ultimately achieve a 
constant slope, suggesting a simple expo- 
nential function. This component (curve 
A, which is thought to represent the frac- 
tion of hits that inactivate the marker it- 
self or its injection mechanism) may be 
removed from the over-all rescue curve by 
dividing that curve by the A curve. This 
procedure leaves curve B which is pre- 
sumed to represent, as a function of dose, 
the likelihood of rescuing an unhit marker 
from the surrounding hits. 
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2. The second set of data in support 
of the double-crossover hypothesis for CR 
comes from a similar study of the simul- 
taneous rescue of two closely linked rII* 
markers. In those results, the A curves 
are found to be steeper than for single rII* 
rescue, but the B curve components are 
superimposable with those for single mark- 
ers. The steepness of the A curves is di- 
rectly related to the genetic distance 
between the markers. This relationship 
re-emphasizes the notion that discrete ge- 
netic damages are under consideration. 
The similarity of the B curves in single- 
and multiple-rII* rescue curves indicates 
that the rescue likelihood for unhit genetic 
intervals is the same in the two cases, as 
might be expected from the double-cross- 
over hypothesis. 

3. The third set of experiments that fit 
the hypothesis involve the rescue of a sin- 
gle rll* marker from between two closely 
linked rII loci. Even at zero dose the prob- 
ability of producing at least one wild-type 
particle in every mixed burst from such a 
cross may be considerably less than unity. 
In the example presented it is about 0.025. 
Thus at zero dose the rescue curve starts 
almost two orders of magnitude below the 
control in which the same marker is con- 
tributed by wild-type. The double-crossover 
hypothesis incorporates the idea of reduc- 
ing target size, and predicts that when a 
dose is reached high enough to place hits 
as close to the r* allele as the surrounding 
rs, the two rescue curves should become 
superimposable. In the example given 
such a dose is not reached, but the trend 
in the predicted direction is obvious. 

When the data are considered from the 
quantitative point of view, the multiple 
rII* rescue curves, on the basis of simple 
assumptions, give an estimate of the frac- 
tion of the total PLH which must hit one 
map unit of genome in the rII region. The 
estimates are from 0.0048 to 0.0080. <As- 
suming that all hits are genetic and that 
the genome is uniformly sensitive, these 
estimates imply that the total length of 
the genome is between 208 and 125 map 
units. Since this is an unreasonably low 
estimate, the assumption of uniform sen- 
sitivity must be in error, and the rII region 
must be hypersensitive. (For more com- 


plete theoretical treatment see B 
and Doermann, ’61.) 

One possible reason for the hypers 
tivity of the rII region may be that i 
it acts as a vulnerable center in mul 
ity reactivation, as has already been 
gested by Barricelli (’60). If that 
true, then, as Harm (61) has sugg 
in this Symposium, the rII region 
have twice the usual sensitivity bec 
damages in it would be immune to w- 
reactivation whereas all those region 
in vulnerable centers would be subje 
such reactivation in T4. 

A final conclusion is that the UV- 
aged genomes do not multiply, or, if 
do, that it is only to a very limited ex 
This is based on the observation that | 
at low doses the clone size of res 
markers drops off precipitously, reac’ 
a value of two already in the dose r 
of 50 PLH. Also, the fact that the 
size of two appears to be the lower 
regardless of dose (rather than 1.1 ta 
which is the clone size for rare reco: 
nants) is interpreted to mean that} 
damaged genome cannot multiply. — 
interpretation is borne out by the fur 
observation that, in the surrounded ma 
case, where the zero-dose clone size is | 
1.1, the high-dose rescue clone size 1 
to 1.5. 


OPEN DISCUSSION 


J. SETLOW® : I would like to prese: 
shred of evidence that the model Dr. L 
mann has presented for cross-reactiva 
in phage can be used to explain the! 
inactivation of transformation princip 

First of all, as Rupert and Goodgal I 
shown very clearly, when you plot 
logarithm of surviving transforming a 
ity versus UV dose, you get a curve 
resembles the curves which Dr. Doerm 
has shown for cross-reactivation ex] 
ments. The model that he has prese1 
here of continually shrinking target 
is suggested by this logarithmic plot. 
pert and Goodgal have shown that \/N 
versus UV dose on a linear plot is a stra 
line. 

Dr. Doermann’s model has sugge 
that the important thing for the prob: 


8 J. K. Setlow, Oak Ridge National Labora 
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f incorporation of a marker is the dis- 
e between the marker and the nearest 
lesion. On this model, the target size 
inking as UV lesions are made in the 
molecule. After a given dose of UV, 
der to decrease further the probability 
corporation of a marker such as strep- 
cin resistance, a lesion must occur 
een the marker and the nearest lesion. 
lesions outside this region do not 
ge the probability of incorporation. 
evidence suggesting that the cross- 
tivation model may apply to TP con- 
of the following: 
hether the effective recombination dis- 
e is terminated by a UV lesion or a 
cation break should not matter with 
ect to the resulting probability of in- 
oration of the streptomycin marker. 
e molecule is shortened the target for 
is smaller, and we would expect to find 
sonication of the molecule makes it 
e difficult to inactivate by UV. 
addition to finding that sonication 
eases the UV sensitivity, as I think 
suggested by Dr. Marmur, I have been 
to show that sonication and UV treat- 
t are additive, in that if one sonicates 
n to 10% survival and then applies 
treatment, the survival curve behaves 
hough one has used UV damage down 
0% survival. Likewise, if one first 
ies UV treatment and then follows 
by sonication, the sonication survival 
e, which seems to obey the same dose 
tion as UV, behaves as though the 
had been sonicated first down to 
survival. 
ow, this would suggest that as far as 
rporation of the streptomycin marker 
oncerned, the probability of incorpora- 
depends upon the distance between 
marker and the nearest UV lesion or 
of the molecule; and that the effect 
the same whether the molecule is 
pped or a UV lesion occurs in the same 
eC. 
uPERT‘ : Several years ago Meselson 
Stahl privately circulated a simple 
ntitative theory which predicted the 
endence of marker rescue on UV dose. 
s theory followed Dr. Doermann’s 
el, considering that a mutant region 
he genome (the “genetic marker” ) of 
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an inactivated phage could be “patched” 
into the genome of a viable phage by 
recombinational events — for simplicity, 
“breaks” — occurring at random with an 
average frequency B per unit length. In 
the irradiated genetic material, UV lesions 
(“hits”) were pictured as also randomly 
sprinkled at an average frequency H per 
unit length, with rescue of the marker pos- 
sible only when the nearest recombination 
“break” on both sides occurred nearer than 
the nearest UV “hit.” The probability of 
rescue was calculated for the case where 
the marker was small compared with the 
distances between “hits” and between 
“breaks,” and the total genome length was 
large compared with these distances, with 
its ends far away from the marker. 

Starting at the mutation and going in 
one direction, the probability of encounter- 
ing a recombination “break” before a UV 
“hit” is exactly like the probability of draw- 
ing a black ball from a mixture of black 
and white balls. It is B/(B +H). Going 
in the opposite direction from the marker 
the probability is the same. The probabil- 
ity that “breaks” will be closer than “hits” 
on both sides (ie., the probability of 
marker rescue) is the product of the two, 
which can be written 1/(1+H/B)*. As- 
suming the number of “hits” per unit 
length is proportional to UV dose gives the 
same law Dr. Goodgal and I found experi- 
mentally for UV inactivation of transform- 
ing DNA; the activity of an irradiated ge- 
netic marker, expressed as a fraction of 
the unirradiated activity is 1/(1 + CD)’, 
where C is a constant for a particular ge- 
netic marker and D is the UV dose. 

The Meselson-Stahl result can be ex- 
tended a little if one considers that the 
nearest recombination “breaks” on each 
side of the marker delineate the target 
within which a UV “hit” must fall to be 
effective. The surviving fraction in such 
a collection of non-identical targets is 

L 


{ w(1) e-Fdl, 


rd 

with w(1) the distribution of target lengths, 
} the shortest possible target and L the 
longest. The distribution of lengths pro- 
duced by randomly breaking a number of 


4C. S. Rupert, The Johns Hopkins University. 
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lines, each of which contains a marked 
region, and then collecting the marked 
pieces is w(1) = Kle™, with the normal- 
ization constant K adjusted to make 

ch 


if w(1) dl=1. 
A 


The case 1} =0, L=~ gives the Mesel- 
son-Stahl inverse square law. This is also 
obtained in any case as H-0 (ie., at low 
UV doses) provided } 4 L. If the marker 
covers an appreciable length so that } 4 0, 
with L remaining large, then at sufficiently 
high doses the integral changes from an 
inverse square to an approximately ex- 
ponential function of H. 

The inverse square law holds over sev- 
eral log units of inactivation of our Hemo- 
philus influenzae markers. When you make 
the dose high enough, the theoretical curve 
fitting at low doses predicts higher survival 
than is found experimentally, but we do 
not reach an exponential region. However, 
others have found that for many pneu- 
mococcal markers (which require some- 
what higher UV doses than the Hemo- 
philus) the change from inverse square 
to exponential inactivation occurs rather 
early in the survival curve. 

It should be clear that bacterial trans- 
formation is really nothing more than a 
genetic marker rescue—in this case rescue 
from a free DNA molecule (where the 
marker is entirely inactive) by recombina- 
tion into a bacterial genome (where it will 
replicate and exert control over cellular 
processes). The transforming DNA is the 
analogue of an inactivated phage carrying 
some genetic marker, while the competent 
cell ready to be transformed is the ana- 
logue of a viable, unmarked phage inside 
an infected cell ready for recombination. 
The two systems should act in the same 
way in many respects. The similar UV 
survival curves and similar dependence of 
marker linkage on UV dose (the linkage 
studies in transformation of H. influenzae 
are being published by Dr. Goodgal) show 
that they do. 

The question has of course come up 
whether the steadily decreasing UV sen- 
sitivity of transforming DNA as inactiva- 
tion proceeds is primarily a fact of photo- 
chemistry or of biology. The answer here 


is that at low doses we would expect 
effect purely from biology. : 

One should try not to conclude too mt 
from such evidence. Dr. Marmur’s reg 
seemed to indicate that at high dosess 
susceptibility to photochemistry also} 
creases with increasing dose. Perhaps 
ing up enough damage on the DNA re 
does affect the possibility of putting 
further damage. But even without thij 
thanks to the clarifying concepts of 
Doermann and his students—we she 
expect inactivation curves of the sl 
observed. 

DOERMANN: Would you think, th 
that the reason for finding that there : 
different sensitivity for a streptomy 
marker, for example, and ERY-1 or ER) 
is that the streptomycin marker is locé 
in a part of the genome which tends tc 
broken into shorter molecules when 
transforming principle is prepared? 

RUPERT: Yes. Certainly this very s 
ple theory as it stands would predict) 
markers have the same sensitivity, wit 
isn’t so. In order to get different sensit 
ties for two regions of the genome | 
would have to say that there are cis 
ratios between the average number of 
hits and the number of recombinat 
“breaks” in these regions. 

The genetic structure is not an an 
phous line as pictured in these derivatic 
The “hits” and “breaks,” rather than) 
curring strictly at random, should dep' 
somewhat on the local structure. Just 
the rII region acts differently from | 
average of the whole phage genome, dif 
ent locations in the genome of the tre 
forming system might have different el 
acteristics in this respect. | 

J. SETLOow: Alternatively there is 
reason ad priori to reject the idea t 
breaks in the bacterial genome that « 
obtains when one makes a DNA preps 
tion are not random; so it is possible t 
the pieces containing different markers 
of different average lengths. 

RuPERT: Just one more bit of evide 
that the decreasing UV sensitivity with 
creasing dose isn’t a matter of photoché 
istry. Chemical inactivation of transfo: 
ing DNA by nitrous acid follows the sa 
inverse square law as UV. I haven’t ad 
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us acid to UV inactivation the way 
Setlow has added UV and sonication, 
he fact that the shapes of the dose- 
t curves are the same suggests that 
ame underlying reason may be re- 
sible—in which case it can’t be photo- 
ical. 

RCOVICH® : Could you evaluate the 
ber of nucleotides which could be cal- 
ed on the basis of these experiments 
ctual size of the gene? 

ERMANN: It would require a rather 
number of rather dubious assump- 
to make such a calculation from 
experiments. Since it would be neces- 
to relate the value to total genetic 
distance, all the assumptions implicit 
enzer’s fine structure analysis would 
eeded. In addition the hypersensitiv- 
o UV of the rII region would require 
her parameter to relate the rII region 
e rest of the genome. Finally the 
tion of injection damages would have 
e settled and an assumption would 
to be made concerning the size of a 
esion. For these reasons I hesitate to 
e such an estimate at this time. 
OWARD-FLANDERS® : What is the fre- 
cy with which hits that would inacti- 
a section of chromosome would also 
ce a switch near that point? 
OERMANN: It seems clear that hits do 
always induce a switch at the location 
e hit, but it is impossible to say that 
never do. To decide the frequency 
which crossovers occur at the site 
hit is too difficult for a decision at 
ent. 

e experiment which shows that UV 
do not always cause a switch at the 
tion of the hit was done by Dr. David 
g (759). He developed a system in 
h he could measure rescue from an 
cistron under conditions in which hits 
excluded from the cistron itself, but 
located close to both of its ends. He 
pared rescue of a single marker from 
cistron with simultaneous rescue of 
markers from within this undamaged 
n. If UV always induces switches at 
site of the hits, the rescue segment 
ld extend from the hit located nearest 
eft end of the cistron to the hit located 
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nearest the right end. This would include 
all the markers in the cistron so that sin- 
gle- and double-marker rescue ought to be 
equal. Krieg found double-marker rescue 
less frequently than single-marker res- 
cue, however, indicating that the rescue 
switches do not always extend from hit 
to hit. 

Isn’t that the essence of your experi- 
ment, Dr. Krieg? 

KriEc’ : Yes, it showed that you do not 
rescue the entire piece of genome between 
the two UV hits. 

HOWARD-FLANDERS: It is sometimes as- 
sumed that multiplicity reactivation is al- 
most 100% efficient for considerable sec- 
tions of the genome. This would imply 
that lethal hits must frequently induce 
recombination so that they are not rep- 
licated. 

DOERMANN: It is clear from various 
sources of data that progeny from multi- 
plicity reactivation are highly recombi- 
nant. Barricelli (60) has shown that the 
number of crossovers which have occurred 
are approximately the minimum which 
would be required to eliminate the UV 
lesions. This does not, however, prove 
that the recombinations are at the site of 
the hits themselves. From a theoretical 
treatment of crossreactivation, particularly 
rescue of surrounded markers, Barricelli 
and Doermann (761) have reached the 
conclusion that the relative crossover fre- 
quency in the regions near the UV hits is 
significantly lower than in the central re- 
gion of the undamaged segment between 
two neighboring hits. 

KrizeG: My experiments that were just 
mentioned are not incompatible with the 
idea that UV may stimulate the recombi- 
nation. It may indeed be, as several lines 
of evidence were mentioned, that the UV 
may stimulate recombination. My experi- 
ments merely established that the recom- 
binations need not occur at the exact site 
of the UV hit. Perhaps it is possible that 
the UV hits may stimulate recombination 
within an interval near the hit. 


5 Herbert Marcovich, Laboratoire Pasteur, In- 
stitut du Radium. 

6P, Howard-Flanders, Yale University School 
of Medicine. 

7D. R. Krieg, Oak Ridge National Laboratory. 
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Howarp-FLANDERS: If you allow T2 
complexes to develop for 7 minutes, then 
irradiate with UV doses of 10 or 15 phage 
lethal hits and then allow them to develop 
and lyse; the lysate will contain a very 
high proportion of viable phage. It is very 
difficult to detect phage with lethal lesions 
that are able to kill bacteria, but cannot 
form a plaque. The freedom from radia- 
tion injury in the progeny phage suggests 
that there must be some mechanism for 
the avoidance of the UV lesions during 
replication. 

DOERMANN: What method did you use 
in looking at the progeny to detect the 
lesions? 

Howarp-FLanpers: A _ host-killing as- 
say. This is not very sensitive and would 
probably not detect 10% of injured phage. 

DOERMANN: If we simply assume that 
the hits themselves don’t replicate, then 
it is not unreasonable to think that there 
are dead particles there. 

Howarp-FLANDERS: Isn't that saying 
the same thing? If hits don’t replicate and 
nearly all the progeny are viable the le- 
sions must be avoided in replication. 

DOERMANN: Yes, lesions are avoided in 
replication, but that the switches occur at 
the site of lesion is not necessarily im- 
plied. 

Marmur?: I wish to describe one ex- 
periment which may be pertinent. When 
we assay UV-treated transforming DNA 
with normal cells or with cells which them- 
selves have been subjected to UV irradia- 
tion, the results are significantly different. 
Thus, UV-treated cells are less likely to be 
transformed by irradiated DNA than are 
normal cells. These results are consistent 
with the idea that the recipient cells may 
recover part of the damage to the irradi- 
ated transforming DNA, but are less likely 
to do so if it itself has suffered some UV 
damage. 

However, we have been asked the ques- 
tion: What will happen to this curve if 
you UV-irradiate DNA and assay it on cells 
which have been UV treated? The curve 
went down this way. 

In other words, the UV treatment to the 
cells is not increased, but decreases as the 
transforming DNA. 


at the present time to try to charact 
lesions in the genome more closely. T} 
may, for example, prevent gene actio 
may stop DNA replication, or may _ 
other effects. Do you not feel that t) 
is evidence for avoidance of radiation 
jury in the T4 system? ; 

DOERMANN: The question is sta 
cally so difficult that I don’t think 
know. 

HOWARD-FLANDERS: Hershey report 
few years ago giving a dose equivale; 
50 phage-lethal UV hits to 5-minute ¢ 
plexes. A proportion of the complexes} 
vived and after a considerable delay 
an almost normal burst. At 5 mini 
there may be a number of replicas of 
phage genome but even so, to reconst 
the phage genome free from injury 
then replicate it is a feat calling for a | 
effective mechanism for the avoidane 
the radiation injuries. 


LITERATURE CITED 


Barricelli, N. A. 1960 An analytical app 
to the problems of phage recombination 
reproduction. I. Multiplicity reactivation 
the nature of radiation damages. Vir 
11: 99-135. 

Barricelli, N. A., and A. H. Doermann 1960 
analytical approach to the problems of 
recombination and reproduction. II. High 
tive interference. Virology, 11: 136-155. | 

1961 An analytical approach to! 
problems of phage recombination and r 
duction. III. Cross reactivation. Virology 
460-476. 

Benzer, S. 1957 The elementary units of h 
ity. In, The Chemical Basis of Heredity,! 
William D. McElroy and Bentley Glass, | 
Johns Hopkins Press, Baltimore, pp. 70-¢ 

Chase, M., and A. H. Doermann 1958 | 
negative interference over short segmen 
the genetic structure of bacteriophage T4. 
netics, 43: 332-353. 

Doermann, A. H., and M. Chase Epstein 
Experiments on cross reactivation of ultra 
irradiated bacteriophage T4 over an exte 
dose range. In preparation. 

Doermann, A. H., M. Chase, and F. W. 
1955 Genetic recombination and replic: 
in bacteriophage. J. Cellular Comp. Phy 
45: 51-74. 

Harm, W. 1958 Multiplicity reactivation, mé 
rescue, and genetic recombination in Pp 


T4 following X-ray inactivation. Virolog 
337-361, 


8 Julius Marmur, Brandeis University. 


y, A. D., and E. Burgi 1956 Genetic 

ificance of the transfer of nucleic acid from 

mtal to offspring phage. Cold Spring Har- 

ymp. Quant. Biol., 21; 91-101. 

D. R. 1959 A study of gene action in 

violet-irradiated bacteriophage T4. Virol- 
8: 80-98. - 

F. W. 1956 The effects of the decay of 
orated radioactive phosphorus on the 

me of bacteriophage T4. Virology, 2: 206— 


1959 Radiobiology of bacteriophage. In, 
Viruses, Vol. 2, Plant and Bacterial Viruses, 


CROSS REACTIVATION 


IN BACTERIOPHAGE 93 


ed., F. M. Burnet and W. M. Stanley, Academic 
Press Inc., New York and London, pp. 353-385. 

Symonds, N., and E. W. McCloy 1958 The ir- 
radiation of phage-infected bacteria: Its bear- 
ing on the relationship between functional and 
genetic radiation damage. Virology, 6: 649— 
668. 

Tomizawa, J. 1958 Sensitivity of phage pre- 
cursor nucleic acid, synthesized in the presence 
of chloramphenicol, to ultraviolet radiation. 
Virology, 6: 55-80. 


HOWARD I. ADLER anp MANFRED S. ENGEL 
Biology Division, Oak Ridge National Laboratory! 


2 


Oak Ridge, Tennessee 


qneatly summarize the responses of 
eria to ionizing radiation. Bacteria 
© morphologically, biochemically, and 
‘tically heterogeneous group that live 
timate contact with the environment 
are very responsive to changes in that 
onment. Over the years, depending 


e bacterial strain chosen and the 
s of experimental technique, a be- 
bring number of effects has been ob- 
ed for bacteria exposed to ionizing 
ation. Numerous reviews of this litera- 
| have been written, but these fre- 
atly leave the reader with the opinion 
‘can show anything you want with 
pria. Such a statement is a tribute 
-to the diversity and adaptability of 
erial forms and the diligence and per- 
rance of radiation microbiologists. It 
so a reflection of the fact that we are 
g way from a knowledge of the basic 
erlying mechanisms governing the re- 
use of these cells to radiation. It is 
oubtedly true that, by choosing new 
ins of bacteria and novel experimental 
coaches, many more phenomena may 
9e described. Fortunately, many radia- 
microbiologists feel that there are 
igh phenomena presently available and 
only a detailed study of these will 
1 results that may lead us to the under- 
- facts. 
fuch of the experimental work in radia- 
bacteriology has been concentrated on 
bacterium Escherichia coli. The choice 
his organism has much in its favor. 
easily grown and handled for radia- 
experiments. Much is known about 
yiochemistry and, in recent years, its 
tic constitution. However, its ex- 
ely diverse metabolic capabilities and 
neager nutritional requirements make 
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Fig. 1 Sensitivity of 4 “B/r” cultures to 250 
kv X rays. Lined area represents range of re- 
sults obtained with three “B” cultures. @, B/r 
ORNL; O, B/r Institut du Radium; A, B/r Cornell 
University; A, B/r CSH. 


it unlike most celis of higher organisms, 
and it is therefore probably not the best 
organism for those who are anxious to 
extrapolate to higher cell forms, partic- 
ularly to mammalian cells. Nevertheless 
it is a very useful organism and its study 
has given us many of the guiding ideas 
for future work. The study of this organ- 
ism, particularly the strains B and B/r, 
in many laboratories throughout the world 
is an important part of radiation bacteriol- 
ogy. It is surprising then to find a great 
lack of agreement regarding the properties 
of these two strains. This stems, in part, 


1 Operated by Union Carbide Corporation for 
the U. S. Atomic Energy Commission. 
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TABLE 1 


Characteristics of B and B/r cultures’ 


“Snake” ‘Units o 

sormatice Final optical penicillin “G” ; 

Culture after f density2 required for | 

UV radiation 100% inhibition } 
NL 0.309 + 0.017 40 
one + 0.303 + 0.023 40 
B Institut du Radium + 0.297 + 0.016 40 
B/r ORNL _ 0.332 + 0.034 60 
B/r CSH -- 0.243 + 0.035 120 
B/r Institut du Radium = 0.218 + 0.030 120 
B/r Cornell University - 0.179+0.025 60 


1 Taken from Adler and Haskins (’60). 
2 Based on 6 determinations per value. 


from the fact that the cultures of E. coli 
B and B/r carried in different laboratories 
are indeed a phenotypically and genotypi- 
cally heterogeneous group. This can be 
illustrated by comparing certain properties 
of these strains, properties that are im- 
portant to radiation microbiologists, under 
standardized conditions (fig. 1, table 1). 
It can be seen that the various E. coli B/r 
cultures differ in their radiation sensitivity 
and the physiological characteristics ex- 
amined (Adler and Haskins, 60). 

Although the E. coli B cultures (fig. 1 
and table 1) seem to be a relatively homo- 
geneous group, there is a possibility that 
in different laboratories cultures labeled 
E. coli B are not the same since the dose 
required for UV inactivation of 99% of 
the cells has been reported as 4 ergs mm~? 
(Matney et al., 58) and also as 530 ergs 
mm~’ (Jagger, 60). 

The current trend in radiation bacteriol- 
ogy is to relate sensitivity to the detailed 
metabolic and genetic mechanisms of cells 
and to generalize results from one labora- 
tory to another. This can best be done 
when we are working with well-character- 
ized cultures and are aware of the fact 
that similarly labeled cultures in other 
laboratories may be quite different. It 
would, perhaps, be wise to periodically 
recharacterize cultures and reserve the 
designations E. coli B and E. coli B/r for 
those bacteria having all of the character- 
istics described by Witkin (’47). 

Another interesting example of the 
strain dependence of an important radio- 
biological phenomenon can be taken from 
unpublished data of Cromroy and Adler. 


One S.E. is indicated. 


In these experiments, 4 closely rela 
strains of E. coli were examined to es 
lish the magnitude of the oxygen effd 
Complete survival curves were run on 
organisms in the presence of oxygen 2 
in nitrogen purified by pyrogallol was 
and passage over hot copper turnings. 
data are very briefly summarized in table 
It can be seen that the magnitude of 
oxygen effect is dependent on the pa 
ular strain observed. Moreover, there i 
correlation between increasing radiat 
sensitivity and decreasing magnitude 
the effect. The strain E. coli B; isolated 
Hill (758) from E. coli B is very sensit 
to X irradiation and shows an unusu 
small oxygen effect. We have tried 
modify the oxygen effect in the B. str: 
by alteration in the pre- and postirrad 
tion growth media. Although these man 
ulations do affect the absolute level 
survival, the dose reduction achieved 
removing oxygen remains unusually sm: 

These observations are another illust 
tion of the strain dependency of a m 
basic radiobiological phenomenon. It ag: 
points out the need for caution in maki 


TABLE 2 
The oxygen effect in several E. coli strain 


Organism LD37 awe 

kr 
E. coli B/r (ORNL) 13 3. 
E. coliB (ORNL) 6 2. 
E. coli B (Hill) 5 2 
E. coli Bs (Hill) BEOXS 4 


Dose reduction factors and LDs; are aver: 
from at least two experiments for each organi 
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alizations and the need for strict defi- 
s of the characteristics of the bac- 
used for experiments. 
se strain differences among bacteria 
ot necessarily a cause for despair. 
are many examples in the radio- 
ical literature where a difference be- 
two closely related strains, when 
rly understood, has been well ex- 
d. It can be expected that in the 
, if time is taken to carefully define 
enotypic and phenotypic differences 
en strains, more basic knowledge will 
ined. 
keeping with the philosophy that 
are too many unexplained phenom- 
the literature of radiation micro- 
and that the introduction of a new 
a grave responsibility, our group is 
tly investigating some observations 
ere first published several years ago. 
urrent work represents a cooperative 
aking of G. E. Stapleton, M. S. En- 
nd myself. 

1951 Hollaender, Stapleton, and 
n (751) observed that preirradiation 
h in the presence of glucose or under 
obic conditions made E. coli B/r cells 
tion-resistant as compared to cells 
in nutrient broth. Birge and Tobias 
, were unable to get similar effects 
ploid yeast and suggested that the 
ts of Hollaender et al. might be ex- 
ed on the basis of multinuclearity or 
icellularity. Other investigators have 
ed similar effects in various strains 
coli (Schechtman, °60; Howard-Flan- 
and Alper, 57; Sargent, 61). The 
ts of anaerobiosis and growth in glu- 
are not completely independent phe- 
na and the relation between them 
e developed further in this paper. 

e observation that E. coli cells grown 
tionary phase in a glucose-containing 
ent broth are resistant to ionizing 
tion in comparison with those grown 
trient broth alone is an interesting 
aple of how a relatively small change 
vironmental conditions can bring 
it a major change in radiation sensi- 
Growth of these cells in glucose- 
aining media cannot be considered an 
sual or unfavorable growth condition 
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since the cells grow rapidly and to a high 
titer in such media. 

Stapleton and Engel (’60) have been 
able to establish several factors that are 
involved in this phenomenon. By compar- 
ing cultures grown in peptone and pep- 
tone-glucose they have been able to show 
that there is a correlation between the pH 
to which the cells bring the medium and 
their radiation sensitivity. Cells that me- 
tabolize glucose and bring the pH of the 
medium to a low value become resistant. 
The nature of the phenomenon is illus- 
trated in figures 2 and 3 taken from their 
work. It can be seen that there is an 
increase in multiplicity and a small de- 
crease in slope for cells grown in glucose. 
The mechanism responsible for increased 
resistance to ionizing radiation also brings 
about an increase in resistance to ultra- 
violet light, heat, and hydrogen peroxide. 

Chemical analysis for deoxyribonucleic 
acid (DNA), ribonucleic acid (RNA), and 
protein, microscopic observations of living 
cells and cell wall-stained preparations 
indicate that the changes in resistance 
observed cannot be explained on the basis 
of gross structural abnormalities such as 
multicellular or multinuclear conditions or 
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Fig. 2 Survival curves for Escherichia coli 
strain B/r (CSH) grown aerobically to pH 84 
(A), pH 6.8 (B), and pH 4.8 (C). Initial pH of 
all media was 6.8. 
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SURVIVING FRACTION 


5.0 6.0 70 8.0 9.0 
FINAL pH 

Fig. 3 Surviving fractions of Escherichia coli 
strain B/r (CSH) at a constant X-ray dose of 30 
kr plotted as a function of the final pH of the 
growth medium. The mean of surviving fractions 
and their standard deviations are based on 5 or 
more experiments. The pH values were obtained 
empirically by altering the concentrations of the 
buffer and glucose in the growth medium. 


on the basis of artifacts such as cell 
clumping. 

The magnitude of the resistance phe- 
nomena can be altered by postirradiation 
plating conditions and is smaller for cells 
plated on synthetic minimal media (m-q) 
(fig. 4). Recently Engel established that 
the phenomenon can be observed for cells 


SURVIVING FRACTION 
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Fig. 4 X-ray sensitivity of Escherichia coli 
strain B/r (CSH) as a function of post-irradia- 
tion plating medium M-9, synthetic minimal me- 
dium; PGA, non-synthetic complete medium. 


grown in completely synthetic medi 
fore irradiation and that the presenc 
glucose is not a sufficient condition to 
duce resistant cells. The resistant sta 
only achieved if glucose is metabolize 
the presence of certain amino acids; 
thionine and glutamic or aspartic 

seem to be of particular importance. 

Another approach to this problem 
been made through the use of the mu 
E. coli H;. This mutant lacks the a 
to synthesize porphyrin. It was isol} 
and partially characterized by Belj 
(55). It contains porphyrin en 
notably catalase and the cytochromes, 
if grown in the presence of exogen 
hemin. 

Information on its radiation behaj 
and physiology have been provided 
Adler (758, 60) and Engel et al. ( 
Its important characteristics are su 
rized in table 3. It is possible, by us 
this organism, to have the same gen 
material in a _ catalase-negative, 
chrome-negative protoplasm or a cat 
positive, cytochrome-positive one. 

When H, cells are grown in the pres 
of peptone-glucose they do not becom 
sistant unless hemin has also been pre 
(fig. 5). The failure of the cells grow1 
glucose but in the absence of hemir 
become resistant cannot be attributec 
an inability to metabolize the sugar. TI 
cells do actively utilize the sugar | 
lower the pH of the growth medium. | 
parently, the presence of hemin is ne 
sary for the resistance phenomenon 
develop. Since the most striking effec 
hemin in these cells is to allow the de 
opment of catalase and cytochrome ac 
ity, it is implied that these enzyme syst 
are somehow involved in the resista 
mechanism. Further studies with H,; al 
us to conclude that this is not necessa 
the case. Figure 6 shows that when 


TABLE 3 
Characteristics of Escherichia coli H7! 


Grown with 


G ithout 
emis (ae) Town withow 


hemin (H7-) 


Catalase positive 
Cytochromes positive 
Can respire 


Catalase negative 
Cytochromes negé 
Cannot respire 


‘Taken from Adler (’60). 


pH 6.74 


®\+CATALASE 
i 


‘o- ~ CATALASE 7 


-irradiation. 


10 
N/Ng 
fo} 
10= 
fo} 


ANAEROBIC 
pH 515 


ANAEROBIC 
pH6.30 


3) {0 15 20 25 30 
DOSE (kr) 


. 6 The development of resistance in an- 
ically grown E. coli H; in the absence of 


jiation growth is carried out under 
erobic conditions, an effect of glucose 
be observed even in the catalase-nega- 
, cytochrome-negative cells. This effect 
ot as large as that shown for hemin- 
tive, aerobically grown cells but is 
umed to be a reflection of the same 
c mechanism. 

he observation that anaerobic growth 
ned to enhance the glucose effect in 
oli B/r was first made by Hollaender, 
er, and Anderson (’51) and was con- 
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Fig. 5 The effect of growth in glucose to a low pH on the sensitivity of E. coli H; to 
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GROWN AEROBICALLY TO 
pH 5.18 


Ne CATALASE 
é 


Za 
— CATALASE 


sidered by Sargent (’61) to be a necessary 
condition for showing this phenomenon. 
Experiments performed in our laboratory 
with cultures received from Sargent have 
shown that anaerobiosis is not an absolute 
requirement. However, the enhancing ef- 
fect of anaerobiosis can be illustrated in 
the case of E. coli H; grown in hemin 
(fig. 7). It can be seen that, whereas cells 
grown to pH 6.8 aerobically are quite sensi- 
tive, cells grown to approximately the 
same pH anaerobically are resistant. They 
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Fig. 7 The enhancement of the effect of glu- 
cose by anaerobiosis in E. coli H; grown with 


hemin. 
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are almost as resistant as if growth had 
occurred to a low pH (5.08). 

To summarize these observations we 
may say that for cells grown aerobically, 
catalase and/or cytochrome activity is re- 
quired for the glucose effect to be mani- 
fested. For cells grown anaerobically, 
these systems are not required. One pos- 
sible explanation for this may be that the 
resistance mechanism does not develop 
and function well in the presence of hy- 
drogen peroxide. Cells grown aerobically 
may produce hydrogen peroxide metabol- 
ically and thereby inhibit the development 
of the mechanism unless catalase is pres- 
ent to destroy the peroxide. Anaerobically, 
no hydrogen peroxide is produced and 
therefore there is no requirement for cat- 
alase. This hypothesis postulates a role 
for catalase during the preirradiation 
growth period. Catalase may, conceivably, 
be involved in determining radiation sensi- 
tivity in a more direct way by interacting 
with hydrogen peroxide produced by X ir- 
radiation in water. 

It may be valuable to discuss at this 
point some recent data from our laboratory 
regarding the relation between catalase ac- 
tivity and sensitivity to ionizing radiation. 
Our interest in this subject stems from 
the observation made with catalase-nega- 
tive E. coli H, cells that there is a post- 
irradiation inactivation which is caused by 
radiation-produced hydrogen peroxide and 
can be prevented by the addition of cat- 
alase (Adler, 58). Under the conditions 
of those experiments, catalase had no ef- 
fect on the “prompt” inactivation caused 
by X irradiation. 

Dr. Roderick Clayton and I have looked 
for a radiobiological role of catalase in the 
bacterium Rhodopseudomonas spheroides. 
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By taking advantage of the work he 
done with this organism, particularh 
regard to the induced synthesis of catal, 
it is possible to have bacterial cells 
which the catalase content varies 
0.002% to 25% of the total protein (C 
ton, 60; Clayton and Smith, ’60). 
have not been able to demonstrate 
the level of catalase, between these 
tremes, has any influence on the radia 
sensitivity of the organism. The most 
teresting aspect of this work has been 
finding that the ability to synthesize 7 
tein is inhibited immediately by X rays 
the same extent as the ability to fd 
colonies (Clayton and Adler, 61). Kin 
studies and studies of the effect of exte 
factors on the induced synthesis of ¢ 
lase after irradiation indicate that the 
pairment of protein synthesis may a 
from damage in the genetic appara 
It should be re-emphasized that th 
studies with R. spheroides are interest} 
with respect to the mechanism of prot 
synthesis, and how radiation damages 
They do not indicate any radioprotec 
role for catalase present in the cell at { 
time of irradiation. 

Dr. Engel and I have done experime 
to evaluate the role of catalase in de 
mining radiation sensitivity in seve} 
E. coli strains under a variety of cond 
(Engel and Adler, 61). Tables 3 an 
show that there is no direct relation | 
tween total catalase activity and resistar 
to ionizing radiation. They also show tl 
there is no relation between catalase act 
ity and resistance to a challenge by hi 
levels of externally added peroxide. As 
matter of fact, cells grown in pepto1 
glucose actually have a depressed catalé 
activity but an enhanced resistance to |} 


TABLE 4 
Characteristics of peptone-grown E. coli strains! 


F Catalase S itivit S itivity+ 
: a: Strain activity? to vadiation® ee 
13, coli B; (Hill) 184 4.55 X 10-5 2, 
E, coli B (Hill) Lys Scop aloe: Ally/ 
E. coli B/r (ORNL) 175 SLO 10s 45 
E. coli H7+ 68 Ib OWES IO — 


1 Table from Engel and Adler (’61). 
2 uL O2/min./10?° cells. 


° Fraction surviving 20 kr (250 kvp, 30 mA, 3 mm Al). 
* Percentage of population surviving 20-minute holding time in 0.6% H:O, at 23° C. 
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TABLE 5 


Characteristics of peptone-glucose grown E. coli strains! 


Catalase 


3 aera: RET poe 
Strain activity2 to eadiation® ‘eo Boe 

1D coli B, (Hill) 24 UO 13 8 

Ei. coli B (Hill) 33 2.40 x 10-2 45 

E. coli B/r (ORNL) all 5.00 X 1071 70 

E. coliH;+ 7.0 DOOD Ome — 


1 Table 2 from Engel and Adler, (’61). 
2uL Os/min./10!" cells. 


en peroxide! The data also show that 
is a good correlation between sensi- 
to ionizing radiation and hydrogen 
xide for the three closely related E. coli 
Ss. 

may be concluded then that the mere 
ence of catalase per se, does not auto- 
ically confer resistance to either ioniz- 
radiation or hydrogen peroxide. How- 
, the correlation between radiation 
tance and hydrogen peroxide resist- 
does suggest that there may be some 
mon steps in inactivation brought 
t by these two reagents. It may even 
hat, under certain special conditions, 
ation-produced hydrogen peroxide may 
yunt for some fraction of radiation 
age. 

me of the special conditions in which 
ase can have an appreciable protec- 
effect is illustrated in figure 8. It can 
een that for catalase-negative E. coli 


= 
a WITHOUT HEMIN 


2) 


\ 


1 ‘9 \ AEROBIC 
4 pH 6.60 
10-- a 


° 


° 
roar 
me pH 5.22 " 
\ 


° Fraction surviving 20 kr (250 kvp, 30 mA, 3 mm AL). 
Percentage of population surviving 20-minute holding time in 0.6% H,O», at 23° C. 


H, cells grown anaerobically in a 0.1% 
glucose medium, the addition of catalase 
shortly before irradiation does not affect 
the prompt inactivation curve appreciably. 
However, figure 8b shows that, for cells 
grown in 1% glucose aerobically, added 
catalase has a marked protective effect. 
Apparently, only certain growth conditions 
allow the protective action of added cat- 
alase to be observed. Possibly, these 
growth conditions (1) change the perme- 
ability characteristics of the cell, allowing 
the catalase to reach critical sites or (2) 
provide an intracellular environment in 
which the catalase can be a particularly 
effective agent. It should be noted that the 
growth condition for which a protective 
action of catalase can be observed is one 
that leads to radiation resistance in nat- 
urally catalase-positive cells. It should 
also be pointed out that this effect of cat- 
alase is on the slope of the inactivation 


H7 GROWN WITH 
H 


Ges EMIN 


fo} 
| AEROBIC 
pH 4.89 
<< 


ia AEROBIC 
4 pH 6,60 
4 


to) 


20 29 


DOSE (kr) 


Fig. 8 The effect of catalase on the X-irradiation sensitivity of E. coli H; grown in the 
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curve and this is not enough to account 
for the entire resistance phenomenon. 

We can summarize our present under- 
standing of the glucose-induced resistance 
phenomenon in the following way. An 
explanation on the basis of nuclear mul- 
tiplicity such as proposed by Sargent (61) 
for the very similar phenomenon that he 
studied, is not attractive to us. It is true 
that peptone-glucose grown cells contain 
approximately twice as much DNA per 
cell as peptone cells. However, one might 
expect some quantitative relation between 
this DNA increase and the extrapolation 
number observed for the inactivation 
curves. This is not the case for the data 
presented by Stapleton and Engel (60) 
or in this paper (extrapolation number 
greater than 10). 

The glucose-grown cells also contain 
more RNA and protein. In fact, they are 
of approximately twice the volume and 
therefore might be expected to contain, on 
a per cell basis, more of any major con- 
stituent measured. It is also true that 
these large cells appear to contain more 
internal granules when observed under 
phase optics. This results, in part at least, 
from the fact that they are larger cells 
and therefore more easily observed micro- 
scopically. Furthermore, the granules ob- 
served do not look like the structures 
observed by Mason and Powelson (’56). 
The structures observed by these authors 
are likely to be the true nuclear material 
of E. coli since they were observed to 
divide regularly in dividing cells. The 
granules observed by us may very well be 
storage material of the kind known to 
accumulate in bacterial cells grown in 
glucose-containing media (Knaysi, °51). 
Another factor arguing against the inter- 
pretation of this data on the basis of nu- 
clear multiplicity is the observation that 
the magnitude of the resistance phenom- 
enon and the extrapolation number is very 
much dependent on the postirradiation 
plating conditions (fig. 4). 

It seems likely to us that the phenom- 
enon described here can best be explained 
on the hypothesis that growth in glucose 
favors the synthesis of a protective system 
or a recovery system. On the basis of 
experimental evidence, we cannot make 
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a clear choice between these two poss 
ties. The system may be a single 
pound acting as a chemical prote 
agent or a more complex enzyme sys 
that allows the cell to repair or b 
radiation-caused damage. In any case 
synthesis of the system involves only ; 
erobic steps in the dissimilation of glu 
since it can develop in anaerobically gr 
cells. The work performed with 
grown in synthetic medium indicates 
particular amino acids are involved. 
experiment with the hemin-requiring 
tant of E. coli indicate that, if growth 
occurred under aerobic conditions, 
lase and/or cytochromes may contrili 
to the system. Catalase may be invob 
in the synthesis of the resistance sys 
by destroying metabolically produced | 
drogen peroxide and also may sometii 
be active as a protective agent during: 
irradiation period. However, if growth) 
occurred anaerobically, the resistance | 
tem can develop in the absence of catal: 
and cytochromes. . 

We hope that, by continuing this 
tailed study, we will one day be in a pj 
tion to describe the mechanism of 
phenomenon in greater detail. It is v 
likely that it is not a generalization ap 
cable directly to other cell forms or e 
other genera of bacteria. However, wl 
understood to the best of our ability, 
may be able to predict in what cell ty 
it should work, in which it cannot we 
and in which it may be made to work 
logical adjustment of experimental c 
ditions. 

OPEN DISCUSSION 


ALEXANDER’ : We have done the of 
site to Dr. Adler. We have tried to se 
tize bacteria. We started this work on 
assumption that there were intracelh 
SH compounds that protect. We deci 
to remove them by pre-irradiation tr 
ments with iodoacetate. The treatme 
which we always gave before irradiat 
were such that they in no way decrea 
the viability of the organisms—in ot 
words, no killing, though I have no do 
that the metabolism of the cell was t 
porarily altered. The cells were usu 


+2 PetentAlesanace Chester Beatt 
stitute, London. y Research 


d in contact with the SH poison for 
inutes to 1 hour before irradiation 
then spun down and placed onto good 
medium. We found that for Pseudo- 
as fluorescens which gives an expo- 
ial killing curve the slope was doubled 
retreatment with iodoacetamide (i.e., 
ensitivity was doubled). With micro- 
i both the shoulder and the linear part 
e dose-response curve were altered 
we obtained over-all sensitization to 
ys of as much as 7 times. This 
large factor for Micrococcus sodonen- 
is surprising since it contains only 
th of the number of SH groups than 
the P. fluorescens which is sensitized 
two times by SH poison. 
OLLAENDER’® : Do you ever leave the 
acetate there during the irradiation? 
LEXANDER: We usually leave it there 
use the cell returns to its normal sen- 
ity within 5 minutes or less after the 
acetate has been removed. So in most 
riments we have it there during the 
diation, but it doesn’t matter since we 
e done the necessary controls such as 
ing irradiated iodoacetate medium. 
OLLAENDER: Very similar results can 
imply obtained with sodium bromide, 
e point out in our laboratory. 
LEXANDER: An increased dose due to 
photoelectric absorption by iodine can 
explain these results since the total 
unt of iodoacetate bound in the cell 
ss than 0.1% of the dry weight. 
RAY‘: I should perhaps mention ethyl 
eimide which, as Dr. Bridges recently 
orted in Nature, sensitized E. coli, but 
material has to be given before ir- 
iation. I think we have to be a little 
tious perhaps when we consider these 
treatments. They may be influencing 
condition of the cell during the recov- 
period. To give the material after ir- 
jation might possibly be too late be- 
se it hasn’t changed the metabolism in 
cell during the postirradiation period. 
Dr. Adler’s summing up remarks in- 
ded the word “bypass.” It may well be 
it some of the damage is in fact dimin- 
ed, I would think, by the development 
alternative pathways. Inasmuch as pro- 
1 synthesis is usually required during 
it postirradiation period, it seems to me 


BACTERIAL SURVIVAL AFTER IRRADIATION 


103 


that it is somthing we should look at much 
more closely. 

Several lines of recent work have shown 
that the ability of the cell to produce en- 
zymes is also quite sensitive—in some 
cases I believe as sensitive as loss of 
colony-forming ability. This is shown by 
work published recently by Pauly on the 
production of adaptive enzymes. The sen- 
sitivity of this process was within a factor 
of 4 of the sensitivity for killing. The 
shoulder in the curves for resistant cells 
shown by Dr. Adler may reflect the need 
to inactivate various systems which are 
capable of producing adaptive enzymes 
and bypassing the radiation damage. 

ALEXANDER: Experiments in our labo- 
ratory indicate that the sensitization by 
iodoacetate cannot be due to interference 
with repair processes that occur immedi- 
ately after irradiation. 

HEINMETS’® : We tried to modify E. coli 
radiation sensitivity to UV radiation. One 
of the points of interest was the question 
how much did the cellular reserves have 
to do with this type of sensitivity. Endoge- 
nous respiration level was used as a meas- 
ure. We tried to reduce it by continuous 
oxygenation. Even after 24 hours of aera- 
tion we were not able to change the radia- 
tion resistance. But extensive change was 
easily produced, either in photo-recovery 
or in metabolic-recovery. So indications 
are that this recovery effect is probably at 
least in that system not related to radiation 
resistance; however, repair process would 
depend very much on the level of the meta- 
bolic reserves. 

ADLER: I perhaps should have indicated 
the nature of the changes in sensitivity to 
ultraviolet. E. coli B/r from Cold Spring 
Harbor does give a sigmoidal curve with 
UV dose. This is for cells grown in pep- 
tone. 

Growth on glucose tends to extend the 
shoulder without any marked effect on the 
final slope. 

For heat inactivation, E. coli B/r under 
our conditions, gives an exponential kill- 
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ing curve. After growth in glucose a 
shoulder-type curve is observed. The hy- 
drogen-peroxide sensitivity curves are not 
precise enough to say much about this. 

von BorstEL’ : How does the rate of 
bacteria division vary with pH, that is with 
the two different growth conditions? 

ApLER: It is about identical. The re- 
sistance of the cells develops only after 
the cells have reached stationary phase. 
It develops actually several hours after the 
stationary phase has occurred and after 
the pH has dropped. ‘ 

Dr. Engel did do experiments in trying 
to alter the sensitivity—by short-term in- 
cubations or treatments of either resistant 
or sensitive cells. Examples are those in 
which the cells that had become resistant 
were reincubated in various types of me- 
dium in an attempt to make them sensi- 
tive. 

Our data at the moment look very much 
like this; although we can make the cells 
more sensitive, it seems as if in any of the 
conditions in which they become more 
sensitive there is also some cell division 
going on. 

So we cannot say we have had success 
in sensitizing the existing cells except in 
the presence of cell division. 

ENGEL’: Furthermore, the generation 
times of irradiated sensitive and resistant 
cells are the same. Therefore the differ- 
ence in sensitivity cannot be related to 
differences in time available for repair. 

JAGGER® : You mentioned that in Rhodo- 
pseudomonas the protein synthesis sensi- 
tivity was comparable to the survival sen- 
sitivity. How does the survival of this or- 
ganism compare with that of B and B/r? 

ADLER: It is similar to B. The LDs for 
X rays was about 1600 r, making it quite 
sensitive. We can manipulate this also. 
For example, if we ask the cell to make 
protein immediately after it has been ir- 
radiated, it lacks this ability—or it has 
been impaired, depending on the dose. If, 
however, we put inducer in first and then 
irradiate, again the system is quite sensi- 
tive except if the process has gone on to 
the point where synthesis of protein has 
actually begun. 

This is the time sequence. Initially there 
is very little catalase. At this point the 
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hydrogen peroxide, which is the in 
in this case, is added. There is a shot 
and then the synthesis of catalase be 

If the radiation occurs any time b 
synthesis begins, this is a radiation-s 
tive process and the survival curve : 
is superimposable for at least the 
or 10 kr over that for colony forma 
But if the radiation occurs after synt 
begins there is a sudden step-wise ch 
in the direction of making the synt 
mechanism more radiation-resistant. 

KAPLAN’ : Many years ago Stapleta 
his Ph.D. thesis described a remar 
change in the sensitivity of strain 
which occurs during growth, with sen 
ity during log phase and resistance 
stationary phase. 

There is a profound change in the } 
sitivity of B/r, and this I am sure 
microbiologically trained people in| 
field have long known. We were cun 
as to why this should be, since in earl 
phase, the organisms exhibit a degre} 
radiosensitivity comparable to that 
strain B. ) 

Originally there was the impression | 
perhaps B/r contained more nucleic a 
as I believe Morse and Carter repo; 
many years ago. Recent work of Gil 
and Alper, and others, as well as our : 
investigations, indicates however that tl 
is really no significant difference in I 
content between strain B and strain 
at any phase of the growth cycle. 

Has Dr. Adler any observations witl 
spect to hydrogen peroxide sensitivity 
B/r at different stages of the growth cy 
or similar observations relating to m 
bolic parameters which he was descril 
for this H; strain? 

ADLER: We of course took into con 
eration changes in sensitivity during 
growth phase and the one we are study 
here is divorced from those. 

Once his cultures reached statior 
phase in nutrient broth, the sensitivity 
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ed constant. It is during this period 
he stationary phase where, under the 
ditions of growth in peptone and glu- 
, the sensitivity does become more 
stant. 

e have not determined the sensitivity 
ydrogen peroxide at different parts of 
growth cycle. The only data that we 
e on hydrogen peroxide sensitivity are 
changes that I showed you depending 
metabolic parameters in the E. coli B 
B/r strains, and data on the H; strain, 
icating that under certain growth con- 
ons the sensitivity of the E. coli H, 
wn catalase-positive and negative is 
tical, both to hydrogen peroxide and 
iation. 
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herichia coli K-12? 


is well established that the main ge- 
c effect of X rays is to induce chromo- 
e breakages which are followed by re- 
processes. In bacteria, the only genetic 
ct of ionizing radiations observed so 
consists of mutations induced in spe- 
loci; but changes in chromosome con- 
ration, such as deletions or modifica- 
s in the sequence of the characters 
e not yet been described. The exist- 
e of sexuality in Escherichia coli K-12, 
the facility with which it is possible 
ap the genetic determinants provide 
ith a good tool for such an investiga- 


his discussion concerns the analysis of 
effects of X rays on the genetic ma- 
al of E. coli K-12 HfrH. It is a part of 
ore extensive work being published in 
Annales de l'Institut Pasteur. 


MATERIAL AND METHODS 


he strains used are: (1) E. coli HfrH. 
strain is sensitive to streptomycin. 
characters studied here are (a) Thr’, 
men. (c) Gal*, (d) Try*, and—Ce) 
+. They are transmitted at high fre- 
ncy to the recombinants resulting from 
ating with F— cells. They are listed 
according to their order of penetra- 
into the female cell (see Wollman and 
mm 59). (a) Threonine; (b) leucine; 
galactose; (d) tryptophan; (e) his- 


e. 
2) E. coli PA 309 F—. This strain is 
stant to streptomycin. It possesses sev- 
auxotrophic characters, among which 
those listed previously for prototrophy 
he Hfr strain. Gal— is the inability to 
ize galactose as a source of energy. 


METHODS 


the bacteria are allowed to grow in 
th until a concentration of 2 xX 10 


X Rays Produce Chromosome Breakage in 


HERBERT MARCOVICH? 
Service de Radiobiologie et de Cancérologie de l’Institut Pasteur, Paris 


cells/ml is obtained. Then the Hfr culture 
is irradiated with a Machlett machine 
(AEG 50-40 kv without additional filtra- 
tion) and mixed with the F— culture in 
the proportion of one male to 10 females. 
The suspension is then mildly shaken at 
37°C. for 90 minutes and plated on selec- 
tive media. More technical details are 
given by Wollman and Jacob (’59). Media 
have been described in another paper 
(Marcovich, ’60). 


RESULTS 


Dose-eftect relationship in transmission 
of selected markers 


HfrH bacteria are irradiated with in- 
creasing doses of X rays and diluted in a 
suspension of F— cells in the proportion 
of one HfrH for 10 F— cells. After 90 
minutes at 37°C., during which the sus- 
pensions are gently agitated, they are 
spread on selective agar lacking the growth 
factor corresponding to the selected char- 
acter. Streptomycin is added to kill the 
nonmated Hfr cells. For the killing effect 
irradiated Hfr bacteria are plated on broth 
agar. The results are the same if minimal 
synthetic medium is used. 

The transmission of the selected markers 
is inhibited according to a single event 
dose-effect relationship. The radiosensitiv- 
ity increases proportionally to the distance 
between the selected marker and the origin 
“O,” which has been defined as the first 
portion of the Hfr chromosome to be in- 
jected into the female (Wollman and Ja- 
cob, 59) (fig. 1 and table 1). It had been 
shown previously that the inhibiting event 
is not linked to some damage of the ge- 
netic determinant itself, but that it is very 


1 With the technical assistance of Melle R. 
Vayne, Service de Radiobiologie et de Cancérol- 
ogie de l’Institut Pasteur, Paris. 
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Survival curves of E. coli K-12 HfrH irradiated bacteria and curves of decrease of 
the frequency of 5 selected markers after X irradiation. 


Fig. 1 


likely to be related to some lesion of the 
transfer mechanism of the genetic mate- 
rial to the zygote (Marcovich, 60). This 
event is comparable to a chromosome 
break. After irradiation, all cells that have 
grown to form a colony on a given selec- 
tive medium can be tested for the presence 
or absence of nonselected characters. The 
technique is to isolate the strain and test 
it on the appropriate medium. In figure 2 
are plotted the frequencies of nonselected 
markers found, as a function of X-ray 
dose. Only the closed marker is shown 
because of the small numbers of colonies 
tested. It appears that the selected markers 
divide the chromosome into two parts. The 
“anterior” one between the origin “O” and 
the selected marker does not show any 
disturbance in the transmission of the non- 
selected markers and a “posterior” one, 
opposite to “O,” in which the transmission 
of the nonselected markers may be dis- 
turbed. Moreover, the linkage of the Thr*, 
Leu*t, and Hist markers—demonstrated 
by the number of colonies possessing them 
all at a frequency higher than if they were 
distributed at random—is not affected by 
irradiation. Figure 3 represents on a 
straight line the distances of the selected 
markers to the origin “O” of the chromo- 
some in arbitrary units, proportional to the 
radiosensitivity of the transmission proc- 
ess. On the same diagram are plotted 
the distances of the closest nonselected 
markers to the selected ones estimated 
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TABLE 1 


Comparison between the radiosensitivity a! o 
transmission of selected markers from t 
HfrH cell to the female and their distance} 

in minutes, to the origin “O” (see | 
Wollman and Jacob, °59) 

| 


Markers Thrt Leut Galt Try+ 2 
a 22 25 48 67 7 
Time in 

minutes 8 8.5 24 33 
a/Time 27 - 199 ss 24 | 


1q is the inverse of the dose in rads w] 
produces one inhibition event. The above va 
have been multiplied by 10%. 


from data of the experiments shown! 
figure 2. It may be concluded that 
radiosensitivity of the bacterial chro: 
some as regards the transmission pro¢ 
of the markers, selected or not, is ho: 
geneous. : 


Genetic analysis of Hfr cells 
surviving X irradiation 


) 

The foregoing results suggest that 
rays induce chromosome breaks in E.. 
Hfr cells. If this were the case it mi 
be expected that translocations or d 
tions would occur and that the gen 
analysis of survivors of X-irradiated } 
teria would reveal them. 

E. coli HfrH bacteria were irradia 
with a dose of X rays that left 10-5 
vivors. Twenty-seven colonies—the wl 
population of one petri dish to elimir 


DOSE (x 10° rads) 


: Fig. 2 Genetical analysis of the surviving recombinants of the experiments correspond- 
ing to figure 1. The colonies are isolated and, after subculturing, plated on selective media. 
Each compartment of this figure corresponds to the following selected markers: I, Thr*; 
/I1, Leut; III, Gal+; IV, Try+; and V, His+. The single dotted lines correspond to the colonies 
l which actually possess the three nonselected markers, Thr+, Leu+, Gal+. The double dotted 
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need for selection—were then isolated 
1, after two passages in liquid broth 
e-mated with the F — strain. The re- 
Ss are summarized in table 2. 

wenty-two colonies behaved normally 
egards the frequency of recombinants 
sessing the different selected markers. 
gave a much lower frequency of 
ombinants. However, the _ selected 
rkers demonstrated the existence of a 


(6.5) (35) (22) 


QO Thr Leu 
(22) (25) 


Gal 
(48) 


Try 
(67) 
ig. 3 Schematic representation of the dis- 
ces to the origin “O” of the selected markers, 
arbitrary units proportional to the slope of 
ir survival curves (lower numbers). Noted 
the values of the radiosensitivities of the 
selected markers deduced from their survival 
ves (fig. 2). 


lines correspond to the theoretical frequency assuming their random distribution. 


gradient of frequency having the same 
direction as the gradient of the Hfr strain. 
The striking facts were the high frequency 
of the abnormal strains, characterized by. 
the steepness of the gradient between the 
Thr*, Leu* loci which are normally closely 
linked; at first sight these cell strains seem 
to be of the same type. Their isolation is 
too recent to have allowed much investiga- 
tion to elucidate their nature. No trans- 
locations were noticed in the 27 strains 
examined in the “O”’—His region of the 
chromosome. 


Action of glycerol 


It is tempting to try to correlate the 
sensitivity of the selected markers to 
X rays to the actual amount of DNA of 
the chromosomes. However, an estimate 
of target size is very uncertain since radio- 
protectors can change the slopes of the 
inactivation curves. Such radioprotection 


TABLE 2 


Frequency of the selected markers Thr*, Leut, (Galle, Uiops dali in the recombinations 
between the survivors of E. coli HfrH X-irradiated cells (10~° survivors) and F~- cells 


Thr+ Leut Galt Try+ His + 
Normal (mean of 22 crosses ) 0.34 0.41 0.082 0.034 0.006 
Abnormal (mean of 5 crosses ) 0.027 0.0054 0.0013 0.0015 0.0009 


S 
0 ~ 

N 104 ~S 
oO Thr + 
@ Leut a 
Gal * QO 
A Try* es 
aHist 
as 

107 1 1 
50 100 


DOSE (x10 rads) 


Fig. 4 HfrH cells irradiated in broth in the 
same conditions as in figure 1 but in the presence 
of 1M glycerol. 


may be observed if HfrH bacteria are ir- 
radiated with X rays in broth to which 
glycerol has been added at one molar con- 
centration (fig. 4). This amount provides 
maximum protection to E. coli (Marco- 
vich, 57). The dose reduction factor ob- 
served with this concentration of glycerol 
for both killing and recombination dam- 
age is the same, about 2.5. 


DISCUSSION 


1. The simplest hypothesis to explain 
the damage to the transmission of the 
markers to the recombinants is that X rays 
induce chromosome breaks. 

On the basis of the results of figure 1, 
it appears that the radiosensitivity of one 
“breakage” event in the “O’— His region is 
about 3/2 of the one of one killing event. 
As this region is about one-half of the 
whole genetic map (see Wollman and Ja- 
cob, 59) and as the bacterial cell possesses 
two nuclear bodies in our conditions, one 
may estimate that there will occur 6 
“breakage” events for each lethal one on 
the average per irradiated cell assuming 
that the sensitivity of the whole chromo- 
some is homogeneous. Let us consider an 
irradiation that produces an average of 
about 12 lethal events; the survivors would 
be a little less than 107°. 

According to the previous estimates, 
this figure would correspond to a mean 
number of 72 “breakage” events per cell 
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or 36 per chromosome. If these eve 
are randomly distributed (and this is } 
case for the “O” — His area) more thf 
95% of the cells would get between 
proximately 60 to 80 such events. 

Let us consider one chromosome < 
suppose that the reunion of the brol 
ends is operating at random. The pr 
ability of restoring the initial sequence 
genetic markers would be between 1 
to 1/40. The frequency of chromosor 
rearrangements would be very high. 
is not the case since no such modificati 
have been observed. The abnormal strai 
themselves seem to be concerned in | 
mechanism of recombination and not 
the marker’s sequence. 

Four alternative explanations may 
count for damage to the transfer mec 
nism. 

(a) X rays produce true breaks, 1 
the repairing process operates before i 
fragments separate too far. There is sot 
indication that the “breakage” events ]| 
for at least one hour. This observati 
results from a comparison between 1 
radiosensitivities of the selected mark! 
and their distance to the origin “O” ¢ 
culated in minutes (table 1). | 

If a high-efficiency repairing process ¢ 
occur after X irradiation, the latest marl 
would be much less radiosensitive co 
pared to the earliest. This is obviously 1 
the situation. 

(b) The only viable sequence of mark 
for the Hfr cells is the one that is actua 
observed. Other strains have been fou 
to have another origin “O” or another 
rection of injection of the markers to | 
female, but their order is the same. ' 
have seen that even if this is the case’ 
random rejoining process of breaks wo 
restore the initial sequence with too ] 
a probability compatible with the act 
sensitivity of the strain to inactivation. 

(c) X rays produce some kind of ine« 
plete breakage in the chromosome DI 
For instance, the lesion may consist 0 
break of one of the two strands of 
bacterial DNA. The other strand might 
broken when the chromosome is injec 
from the Hfr cell to the female. 

(d) X rays induce true breakages of 
bacterial DNA but the broken ends rem 


| 


e together, maintained by some non- 

etic structure, a protein coat for ex- 

le. 

xperiments with high LET particles 

give some information on hypotheses 
d. - 


. Besides the damage to the process 
ransfer of the genetic markers of the 
cells to the recombinants, X rays have 
n found to induce a mutation that is 
ressed by a change of the frequency 
h which the selected markers are trans- 
ted. The gradient seems bigger than 
h the normal strain. This effect is now 
g subjected to experimental analysis. 


SUMMARY 


scherichia coli K-12 HfrH cells have 
n irradiated with increasing doses of 
rays. The frequency of the selected 
kers in the recombinants after mating 
h an F — strain (PA 309) decreases ex- 
entially as a function of dose. The sen- 
vity of the process is proportional to the 
tance of the locus of the marker from 
origin “O” of the chromosome. The 
e finding is obtained when nonselected 
rkers are concerned. In this case, the 
tance to be considered is the one to the 
rest selected marker. The radiosensi- 
ity of the chromosome appears to be 
ogeneous in the “O”—Histidine region. 
uantitative implications, based on the 
ence of translocations in the recombi- 
ts between F — cells and survivors of 
adiated HfrH cells yield to the conclu- 
n that X irradiation may produce points 
frailty on the bacterial chromosome that 
y result in true breaks during conju- 
tion. 

Aside from the damage to the transfer 
chanism of the markers X rays seem 
induce a genetic change that lowers the 
bability for the markers to be injected 
0 the zygote. 


OPEN DISCUSSION 


AUERBACH’: I have never been con- 
aced of the existence of rearrangements 
bacteria; at least there was never any 
oof. 

Do you think this can have anything 
do with the fact that bacterial chromo- 
mes have no protein, and that the for- 
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mation of rearrangements requires protein 
in the chromosome? This would support 
one of the interpretations for the neces- 
sity of protein synthesis for rearrange- 
ments? 

Marcovicu: I don’t know. As a matter 
of fact, we have two explanations for this 
absence of translocation in this material. 
One is that perhaps the DNA of K-12 is 
two-stranded and that X ray would pro- 
duce breakage on one of the strands. Then 
what we see is the recombination process 
which manifested itself when the chromo- 
some is transferred to the zygote. This 
break is a point of frailty which may yield 
a complete breakage at the moment of 
transfer of the Hfr chromosome. 

We are planning to use alpha rays which 
are more likely to induce breaks in the 
same allelic points of the DNA. 

The other explanation should be that 
X rays induce true breaks, i.e. in both 
strands, but that there is a structure which 
holds the fragments together. 

AUERBACH: What was the dose of X rays 
you gave for bacterial survival? 

Marcovicu: The dose was such that we 
had 10~° survivals. 

AUERBACH: That should break only one 
strand? It breaks whole thick chromo- 
somes. If there can be no rearrangement 
in bacteria, isn’t there then the possibility 
that this can explain the outstanding char- 
acteristic of bacterial chromosomes on 
which genes doing similar things are close 
together? 

Couldn’t this then have a historical rea- 
son, namely that these sequences arose by 
duplication and never had the chance to 
be scrambled up by rearrangements as 
they are in higher organisms? 

MarcovicH: Yes. A very striking fact 
is that the sequence is always the same, 
no matter how we select the Hfr strain. 
You may have changes in the direction 
in which the chromosome is injected or in 
the first factor to be injected. But the 
sequence is always the same. 

One may raise the question of the ob- 
served sequence being the only viable one. 
If this was so, and if X radiation would 
have produced true breaks on the chromo- 


2 Charlotte Auerbach, Institute of Animal Ge- 
netics, Edinburgh. 
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somes, the hypothesis of rejoining at ran- 
dom would yield to a radiosensitivity of the 
lethal effect much higher than what is the 
case. 

Wo rF : The observation that you don’t 
get nearly as many translocations as you 
would expect from the number of primary 
breaks is completely consistent with the 
information people working with chromo- 
some aberrations have had for years. 

It has been calculated that the numbers 
of breaks that go into the cell is far in 
excess of the numbers that finally appear 
as visible aberrations. To account for this 
we have had to postulate that the distance 
over which breaks can wander to find one 
another is a very important factor in these 
cases. 

This distance factor, and the restitution 
of broken ends by which pieces go back 
together rather than recombine might also 
provide another explanation to the two 
which you have just given to Dr. Auerbach 
in regard to not getting translocations. 
That is, there is a linear chromosome that 
seems to be rather stretched out and not 
jumbled. It goes in in a linear fashion. 

Therefore, the different broken ends 
won't be close to one another. A break 
can only be near its own end and restitu- 
tion will be favored. There are similar 
indications of this—Tradescantia pollen 
grains. In Dr. Swanson’s early work, 
while working with the sperm nucleus, 
where the chromosomes are relatively con- 
densed, he found very few exchanges and 
translocations. The types of aberration he 
observed were for the most part simple 
breaks. 

This may account for a lack of trans- 
locations and indicate that all that can 


occur is a restitution to original configura- 
tion. 
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of the genome of the donor. The ques 
arises whether this DNA attaches itsel} 
the genome of the recipient cell at sé 
random spot or whether it is capable 
recognizing its corresponding niche. 
working with linked markers, it has bil 
demonstrated that the transforming Dj 
goes to exactly the proper position in | 
genome of the transformable cell. 

MarcovicH: When you say that thi 
DNA that knows the exact place whi 
it goes, is it a big piece or a small piex 

In addition: Does it recognize its 
in a single-stranded configuration or d 
ble-stranded? 

Marmour: I don’t think that this q 
tion has yet been answered by anyone. 
have some very preliminary experime;} 
(in collaboration with Mr. C. Schildkri 
and Mr. J. Levine) indicating that 
DNA, when it enters transformable B 
lus subtilis cells, increases its buoyant 
sity in a CsCl gradient. This is indicat 
that this DNA has suffered denaturati’ 
Whether it is this DNA that is pen 
capable of carrying out the transformat 
is unknown. | 
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some time, a favored conception has 
that a cell is rendered incapable of 
ited division by external X irradia- 
hen its genetic apparatus suffers an 
priate kind of unrepairable damage. 
proposal, which might be called the 
me hypothesis,” was adopted by 
and his associates to explain mam- 
n cell survival curves. Initially they 
sed a two-hit aberration model (Puck 
, 06) as an explanation of an appar- 
wo-hit survival curve for HeLa S-3 
but more recently (Puck, 60) have 
ened their model to include single-hit 
s (e.g., point mutations), allelic in- 
ations (e.g., the recessive-dominant 
e for yeast proposed by Zirkle and 
S$, 53), as well as nonspecific chromo- 
1 damage. 

a general way, the genome hypothesis 
several attributes. To begin with, it 
mechanistic appeal in that the integ- 
f the genetic apparatus of a cell must, 
ome degree, be essential to the life 
of the organism. It has been amply 
mstrated that radiation can give rise 
isualizable aberrations; there is good 
mce that mechanical failure of the 
tic apparatus can be one consequence 
-ray exposure; and in several systems, 
as been shown that ionizations pro- 
<d in or in close association with the 
eus are much more effective in disrupt- 
normal cell function than the same 
unt of energy absorbed by the cyto- 
m (von Borstel, 60). Another appeal 
iis hypothesis is that cell death can be 
ed as the phenotypic expression of a 
ation event insofar as those lethal 
ts that do not produce visualizable 
mosomal defects are concerned. And 
ly, the genome hypothesis, as applied 
lammalian cells, contains an essential 
yx in that it possesses the amplifica- 
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tion properties required to explain how 
small amounts of absorbed energy can 
lead to profound effects. At least for cul- 
tured cells, mean lethal doses’ (MLD’s) 
are smaller by several orders of magnitude 
than those required to produce mean ef- 
fects in intracellular macromolecules. 

In spite of the foregoing, the genome 
hypothesis suffers from some inadequacies 
in connection with single-cell survival 
curves. For given cell lines, and even un- 
der what appear to be the same physiolog- 
ical and physical conditions, the extrapola- 
tion number, 7, (Alper, Gillies and Elkind, 
°60) can vary by factors of 3 to 4 (R. Z. 
Lockart and M. M. Elkind, unpublished 
data). (The extrapolation number, with 
insufficient justification, is sometimes 
called the “hitness number.”) MLD’s on 
the other hand, vary by 50% or less. There 
doesn’t seem to be any obvious relationship 
between ploidy or chromosome number 
and survival parameters. In addition, be- 
cause the genome hypothesis as currently 
conceived is essentially a target hypothesis, 
it does not allow for significant interactions 
between DNA structures and components 
of either the surrounding nucleoplasm 
and/or cytoplasm. However, the poten- 
tiating effects of the halogenated ana- 
logues of thymidine (Djordjevic and Szybal- 
ski, 60; and W. Mohler and M. M. Elkind, 
unpublished data) implicate DNA as a mol- 


1JIn this paper, the term “mean lethal dose” 
(MLD) stands for the dose required to reduce the 
surviving fraction by a factor of 0.368 along the 
exponential portion of a survival curve. This 
definition has been customary and implies that 
the major mechanism by which cells are killed 
involves a set or sets of independent targets of 
equal sensitivity each of which can be inactivated 
by a single event. It is important to recognize 
that these assumptions may not be correct, in 
which event the MLD does not represent the dose 
required to score an average of one inactivating 
event per target. 
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ecule of primary concern. Several points 
are still not clear, however. We do not 
know, for example, if DNA-containing 
structures are primary targets, how they 
are organized, from a radiobiological point 
of view, to give rise to observed survival 
curves; whether or not the potentiating in- 
fluence of these analogues results from 
their inhibition of restorative processes 
which occur at or shortly after the time of 
exposure; or whether or not these ana- 
logues produce “hot spots” of sensitivity at 
sites which would have otherwise made 
only a minor contribution to the total ef- 
fective site structure of a cell. 

In connection with this important ques- 
tion of where and what are the lethal sites 
in a cell, we undertook to study the kinet- 
ics of cells surviving an initial X-ray 
exposure. The rationale behind these ex- 
periments was the following. Almost all 
mammalian cell survival curves, deter- 
mined in vitro or in vivo, have initially in- 
creasing negative slopes when plotted on 
semilogarithmic coordinates. That is, they 
are sigmoid in shape on linear coordinates. 
Whether or not the inactivation scheme is 
known, curves of this type indicate, at 
least, that damage must be accumulated 
before a lethal effect is produced. If the 
damage is assumed to be registered in the 
genetic apparatus, then surviving cells 
could be thought of as containing recessive 
damage. The purpose of our experiments 
was to see if sublethal damage was heri- 
table as indicated by the survival proper- 
ties of the progeny of surviving cells. 
What we found and previously described 
(Elkind and Sutton, 60) was that by 
about the time radiation-induced division 
delay appeared to be terminated the sur- 
vival properties of surviving cells had re- 
turned to essentially those which charac- 
terized the initial population. Therefore, 
we concluded that surviving cells repaired 
their damage rapidly and that by the time 
a cell divided once after an initial expo- 
sure, it had eliminated its sublethal or re- 
cessive lethal damage. 

The experiments to be described in this 
report are an extension of our original find- 
ings. They lead to some interesting inter- 
pretations with respect to the sensitive site 
structure in the progeny of surviving cells, 
and, by implication, in initially unirradi- 
ated cells. 
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MATERIALS AND METHODS 


Our materials and methods have 
previously described (Elkind and §$ 
60). In brief, these consist of the 
monly employed bacteriological techni 
as modified for mammalian cells that 
attached to glass. The data to be desc 
were obtained with two cell lines de 
from the Chinese hamster. Line A 
from ovarian tissue and line V79-1 
female lung tissue. Both lines appear 
blastlike when spread on a glass su 
and give rise to tight, discrete colo 
Because we use soft X rays (55 kv, 72 
per minute), our usual procedure has 
to suck off the medium before the cell 
exposed. Since our initial report (El 
and Sutton, 60), we have found that 
in suspension reattach to glass surff 
within one hour at 37°C. During thii 
terval, cells growing in log phase 
have increased in number by about 
Following exposure, fresh medium wat 
turned to the dishes. 

One new aspect of our techniques sh} 
be mentioned. For the separation of ‘ 
comprising a developing clone, as we! 
for the preparation of stock-cell sus; 
sions, the trypsinization procedure p: 
ously described was used. Asa result of 
post-trypsinization dilutions which 
found to be convenient, the final gro 
medium contained close to 50 ug per n 
1-300 trypsin (Nutritional Biochemi 
Corp., U.S.A.). In order to eliminate 
differential effects resulting from try 
in the medium in only certain parts 0: 
experiment, all of the medium used in 
other parts of an experiment was suf 
mented with trypsin to the same ext 
The presence of trypsin had small eff 
on survival parameters. However, it 
nificantly improved the nutritional ca 
ity of our medium; an observation - 
sistent with the finding that the grec 
factor contributed by dialyzed serum 
be replaced by the dialyzable product 
pian ed sIS of serum proteins (Ei 
60). 


RESULTS 
Survival independence 


Much of the data we will describe 
cerns an analysis of the survival prope 
of populations of groups of cells. 
criterion of survival is the formation 


e colony. Since one cell or a micro- 
of viable cells would be expected to 
into only one countable colony, the 
sis of the survival curve obtained 


In essence, therefore, the 
sis of the postirradiation survival 
ics of surviving cells and their prog- 
onsists, in large part, of deducing rea- 
le estimations of the properties of 
cells from the survival properties of 
lations of groups of cells. 

referring to the experiments to be 
ibed, we will frequently use the fol- 
g shorthand designations. In each 
nce, after the final operation, the cells 
ncubated at 37°C. for visible colony 
ation. 


Gr.—T =A growth curve of unir- 
radiated cells determined 
by incubating the cells at 
37°C. and, at various 
times, respreading the 
cells by trypsinization. 

Gr.—X = Growth at 37°C. as a 
function of time followed 

; by a fixed dose. 

r.—Surv. = Gr.—X except that graded 

doses are given to deter- 

mine the survival curve. 

Gr.—T, X = Gr.—X except that cells 

are trypsinized before re- 

ceiving a fixed dose. 

—T, Surv. = Gr.—Surv. except that 
cells are trypsinized be- 
fore the survival curve 
exposures. 

X—T =A single fixed dose fol- 
lowed by varying periods 
Olmtinemat eo (.Cumatlter 
which the cells in devel- 
oping .clones— are re- 
spread by trypsinization. 
This constitutes a growth 
curve for surviving cells. 

XX = Two fixed doses sepa- 
rated by varying periods 
of time at 37°C. 

XT, X = X—X except that cells are 
trypsinized before their 
second X. 
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X—X, T = X—X except that cells are 
separated by trypsiniza- 
tion after their second X. 

X—Surv. = X—X except that a 
graded series of second 
doses is given to deter- 
mine the survival curve. 

X—T, Surv. = X—Surv. except that cells 

are trypsinized before the 

survival curve exposures. 
It should also be noted that, with one ex- 
ception (fig. 5), in each of the figures to 
follow the several parts of an overall ex- 
periment were performed with the same 
suspension of cells. For this reason, some 
of the figures are complex. In each in- 
stance, the plating efficiency, PE, (per- 
centage of cells in the initial suspension 
that grew into colonies) and other perti- 
nent data are noted on the figure. Al- 
though we have observed some variation 
from experiment to experiment in survival 
parameters even when log-phase cells were 
used, we have required that the different 
parts of an over-all experiment performed 
with the same suspension of cells must be 
consistent with each other. This is a 
practice not always followed in work of 
this type. 

Before considering the survival kinetics 
of cells that have survived a given first dose, 
it is important to know how unirradiated 
cells behave. In order to facilitate the anal- 
yses, these experiments were performed 
with cells in log-phase or very close to log- 
phase growth after their one-hour attach- 
ment period. Figure 1 shows the growth 
and survival kinetics of control cells.” The 
growth curve (open squares) is to be read 
against the right ordinate and shows that 
after attachment the population grew ex- 
ponentially with a doubling time, T:, of 
10.1 hours. The open circles comprise a 
Gr.—T,X experiment since at varying 
times, the cells in the developing clones 
were spread by trypsinization, allowed to 
reattach, and then X-irradiated with a fixed 
dose of 1065 rad. The closed circles repre- 
sent a Gr.—X experiment; that is the cells 
were treated in the same way as in the 
preceding instance except that the develop- 
ing clones were not trypsinized. By about 


2On this figure and those to follow, standard 
errors in colony counts are shown unless they are 
smaller than the plotted points. 
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Fig. 1 Variation of survival as a function of 
time (growth) for cells which received no prior 
open squares, growth curve; open 
circles, cells trypsinized before receiving 1065 
rad; closed circles, cells not trypsinized before 
receiving 1065 rad. The open diamonds show the 
net survival to 433 rad followed by 921 rad for 
varying periods of time between exposures and 


irradiation: 


with no trypsinization treatment. 


= gral S 


TTT 
(eo) 
Oo 


. their initial attachment period, these 
were given a first dose of 433 rad an 
the times shown, they all received 

10 same second dose, 921 rad. As the fol 
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AVERAGE NO. CELLS PER CLONE 


the end of the first division, both ex) 
ments show that the survival to a | 
dose increases in direct proportion t 
average number of cells per potential 
ony-forming unit since both T:’s ar 
sentially equal to that obtained from 
growth curve. As will be seen in figui 
the Gr.—xX curve is displaced downy 
from the Gr.—T, X curve, because the 
in the former instance were a little 1 
sensitive than in the latter. 

Also shown in figure 1 is a typical X 
experiment (the open diamonds). 


ing figures make clear, by 20 hours 
433 rad, surviving cells have repaired 1 


cells. 


SURVIVING FRACTION 


TIME (hr) AT 37°C 


initial sublethal damage and are gro 
asynchronously at the same rate as co 
The X—X curve shows that 
though by 20 hours these cells are inci 
ing in number exponentially, their sury 
to a second dose is essentially constant 
more than a generation time and ther 


creases, in this instance, in roughly a; 
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Fig. 2 Survival curves as a function of time (growth) for cells which had received no 
prior irradiation: A, after the 1-hour attachment period; B, 1, after 6 hours of growth with 


trypsinization before exposure; B, 2, same as B 
of growth with trypsinization before irradiati 


, 1, but no trypsinization; C, 1 after 21.3 hours 
One a2s 


same as C, 1 but no trypsinization. 


In panel D, a growth curve is shown determined by two different methods: T> is the doubling 
time. The data is summarized in table 1. pape 


ashion. In view of the Gr.—T, X and 
curves, this kinetics is anomalous 
, in essence, the subject of this paper. 
re proceeding with experiments deal- 
ith the X—X anomaly, we would first 
o consider the initial dips in the 
, & and Gr.—X curves. We have in- 
ated these dips by comparing the sur- 
curves obtained after 6 hours of 
h with those obtained right after at- 
ent, after zero hours, and those ob- 
after about two generation times. 
become clear from the next figure, 
inima at 6 hours result primarily 
small decreases in the MLD’s of these 
compared to either cells at zero time 
s irradiated after their first genera- 
f growth. 
re 2 shows the survival curves to 
we have referred. (The survival 
are summarized in table 1.) Panel D 
s the growth of the cells used in this 
ular experiment which, in this in- 
e, suffered a brief lag before they 
enced exponential growth. Panel A 
s the survival curve’ after the attach- 
of single cells. In panel B, both 
s were determined after 6 hours. For 
B, 1, the cells were dispersed by 
inization before exposure, and for 
> B, 2, they were exposed without addi- 
1 treatment. Therefore, B,1 corre- 
s to a Gr.—T, Surv. experiment and 
to a Gr.—Surv. experiment. These 
s show clearly why, at 6 hours in 
e 1, the Gr.—T, X point was higher 
the Gr.—X point. In panel C, C, 1 is 
.—T, Surv. curve and C, 2 a Gr.—Surv. 
e both determined after 21.3 hours. 
se curves also explain why in figure 1 
Gr.—T,X data was higher than the 
-X data throughout the region of 
th in which survival increased in pro- 
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portion to the average number of cells per 
potential colony-forming unit (see table 1). 

It is also instructive to compare the over- 
all extrapolation numbers, nN, at the three 
times shown. For trypsinized cells—panel 
A and curves B, 1 and C,1—the nN values 
are about the same; 5.9, 5.4, and 5.1 re- 
spectively. (Since the average cellular 
multiplicity in these instances is very close 
to 1.0 (N =1.0), the value of mN is es- 
sentially the average single-cell extrapola- 
tion number.) At 6 hours, panel B, the 
MN for B, 2 is 7.4 which is 1.4X that for 
B, 1. From panel D, the growth factor at 6 
hours is 1.3. At 21.3 hours, panel C, the 
ratio of the mN values is 3.9 which agrees 
with the growth factor shown in panel D. 
Curve A is redrawn in panel C since the 
MLD’s for curves A and C, 2 are equal mak- 
ing it more apparent that in the expo- 
nential regions of both curves, C, 2 is uni- 
formly displaced upward from A by just 
about the factor of growth. 

In summation, the points contained in 
the first two figures with respect to the 
survival properties of control cells are the 
following: (1) Except for about the first 
generation of growth, the survival of cells 
in active growth increases in direct propor- 
tion to the average number of cells present 
whether these cells are separate or in 
clones at the time of exposure. This means 
that the MLD’s are constant and that the 
over-all extrapolation number increases in 
direct proportion to growth. (2) During 

3 The extrapolation numbers, MLD’s, and their 
uncertainties were determined from least square 
analyses assuming that the portions of the 
survival curves starting at about 10% of the 
control surviving fractions were exponential. We 
are indebted to Dr. Mones Berman for utilizing 


his computer program for the National Bureau of 
Standard’s IBM 704 computer for this purpose. 


TABLE 1 


Survival parameters for data in figure 2 


Exp. 240 

Curve Hours P.E. = = ie 

% rad 
A 0 82.4 5.85 +2.02 140.8 +13.6 
B,1 6.0 81.6 5.41 +0.53 139.8+ 41 
B.2 6.0 82.4 7.44 + 3.06 127.7+15.2 
Cor 21.3 98.4 5.08 +0.53 153.54 4.5 
C.2 21.3 82.4 20.0 +5.8 141.0+10.6 
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the first generation of growth, the sen- 
sitivity of the cells as individuals or in 
clones goes through a maximum so that 
the survival for a fixed dose goes through 
a minimum. (This variation in sensitivity 
may be more apparent than real if it is 
principally a reflection of shape changes as 
rounded cells become flattened during the 
first several hours. ) The over-all extrapola- 
tion number, however, still appears to in- 
crease in direct proportion to growth al- 
though a small lack of proportionality 
cannot be ruled out. And (3) consequently 
it can be concluded that control cells sur- 
vive independently whether or not they are 
in clones when irradiated. This last point 
is true from at least the 2 to the 100-cell- 
per-clone stage and is probably true from 
the single to the 100-cell-per-clone stage. 


Anomalous survival due 
to fractionation 


We will now show two of our early ex- 
periments which, in the light of our more 
recent results, probably displayed anoma- 
lous fractionation survival curves; that is 
anomalous X—X curves. Figure 3 shows an 
initial survival curve (closed circles), and 
an X—X curve (open squares) performed 
with clone A Chinese hamster cells. The 
experiment was started with single cells 
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Fig. 3 Variation of the net survival (open 
squares) for lag-phase clone A cells exposed to 
505 rad followed by 487 rad as a function of time 
between exposures. The closed circles trace the 
initial survival curve. 
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which were initially in lag phase. Fo 
fractionation curve, the doses were 50 
followed by 487 rad. The survival 
shows that if the total dose, 992 rad, 
given at one time—during a period o 
minutes—the net survival would have 
0.0019. This is plotted on the left ordi 
at zero hours. As the time between 
was increased, the net survival incre 
in an oscillating manner. From abo 
to 22 hours, the net survival was cons 
In a separate experiment with clo 
cells, we showed (Elkind and Sutton, 
that by 18 hours after 505 rad the cu 
surviving cells returned to the shap 
the initial survival curve suggesting, t 
fore, that the entire X—X plateau c 
sponded to the complete repair of subl 
damage. Since control cells survive i 
pendently, the plateau also suggested 
from 10 to 22 hours recovered, survi¥ 
cells did not divide. If they had, in an 
with control cells, we would have oxi 
the net survival to have increased in a> 
that would have reflected the increase 
the average cellular multiplicity per! 
tential colony-forming unit. In this exp 
ment, we did not have an indepeno 
measure of the total division delay a 
lag plus radiation-induced lag). As al 
sult, we felt that the data could be a 
sistently interpreted if we assumed t 
division did not start until about 22 ha 
after the first exposure. In retrospect, 
believe that division probably star 
around the beginning of the plateau < 
that the plateau itself is anomalous. 
In the clone A experiment, the cont 
population was in lag phase at the start 
the experiment. Figure 4 shows two fr 
tionation experiments performed with 
same suspension of log-phase cells. T 
is a second illustration of what proba 
represents anomalous fractionation s 
vival. In this case, the first exposures w 
performed 16 hours after an initially 1 
phase population of V79-1 cells w 
plated. From other measurements, 
knew that by 16 hours after plating, th 
cells were in log-phase growth and | 
undergone at least a two-fold increase 
number. Detailed analyses of both X- 
curves (Elkind and Sutton, 60) indica 
that in these experiments the plate: 
were at survival levels twice that coi 
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ing to full recovery. Because this 
iment was started when the cells were 
ing exponentially, it is reasonable that 
hours after a first exposure, surviv- 
lis had completed one division. How- 
if the progeny of surviving cells sur- 
like control cells, from 20 hours on, 
—X survivals should have increased 
a doubling time of about 11 hours. 
fore, in retrospect once again, the 
aus in these experiments are probably 
alous. 


Postirradiation growth of 
surviving cells 


initiate our study of the kinetics of 
ving cells, we first learned how to 
single-cell suspensions (average 
iplicity less than 1.1) of log-phase 
so that contributions to postirradia- 
growth lags could be minimized. This 
ed out to be easy to do since we found 
suspensions made of cells in early log 
se, when replated, resumed exponential 
ith with small, if any, delays (fig. 5). 
open circles represent a growth curve 
rmined by counting the cells in clones 
| and. stained as a function of time. 
closed circles refer to cells from an- 
r suspension whose growth was deter- 
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Fig. 5 Growth curves of unirradiated cells and 
log-phase cells which had survived 433 rad: open 
circles, by counting fixed and stained cells; closed 
circles, by following the growth of specific cells 
using phase microscopy; open and closed squares, 
same as closed circles but for irradiated cells. T» 
stands for the doubling time. 


mined by a method we call “in vitro” count- 
ing. Single cells were allowed to attach in 
optically flat petri dishes containing growth 
medium. They were then located with re- 
spect to the stage coordinates of an inverted 
microscope equipped with phase optics 
(magnification 100 to 150). These 
dishes were returned to the incubator, and 
as a function of time, the numbers of cells 
at the zero time coordinates were counted. 
By following the developing clones until 
they reached about the 100-cell-per-clone 
stage, we could then identify, with con- 
siderable certainty, which of the initially 
located single cells were viable. The 
growth curve constructed from this data 
agrees with that obtained from counts of 
fixed and stained cells (and with curves 
obtained by trypsinization procedures used 
in other experiments) and is largely free 
from any ambiguities connected with plat- 
ing efficiencies less than 100%. 

From a number of considerations we 
chose to follow the postirradiation kinetics 
of cells exposed to a dose of 433 rad. (Data 
after smaller doses indicate that the post- 
irradiation kinetics after the onset of divi- 
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sion is closer to that obtained with cells 
which received no prior irradiation. ) A 
dose of 433 rad corresponds to approxl- 
mately 20% survival and, as can be seen 
in figure 5, often induced a delay of about 
34, of a generation time. The open and 
closed squares are “in vitro” counts of the 
growth of surviving cells after 433 rad. 
These data come from two different ex- 
periments one of which, experiment 193, 
was the same experiment in which the “in 
vitro” control counts were made. It is ap- 
parent that surviving cells grew asynchro- 
nously and with a doubling time equal to 
that of the controls. Although a number of 
the delays measured in other experiments 
were close to 7-8 hours, values of 4 and 10 
hours have been observed. The use of the 
“in vitro” scoring technique for surviving 
cells largely obviates concern with cells of 
limited proliferative ability induced by the 
exposure, or which may have been present 
in the control suspension. In figure 5, the 
open squares which came from experiment 
189 should be noted. These points lie on 
the surviving celi growth curve and will 
appear again in figure 7. 


5005 


4 V79-1 
PRE=60.7% 
EXP. DOSE’ METHOD 
NO. (rad) 
e 214 (0) TRYP. 
QO 214 

w 100 433 TRYP. dh 
2 4 

° 

=) 

re) | 

« 505 

ud 

aw 

ep} 

aa 

aa 

Ww 

Ss) 

(e) 

Pz 

tw 105 

£6 = 

a 2 

pea) 

S 2 

<6 5- 

10-@ \ i T T T T 


av T T 1 
) 20 40 60 80 100 
7-8 hr TIME (hr) AT 37°C 


Fig. 6 Growth curves for unirradiated cells 
(closed circles) and log-phase cells which have 
survived 433 rad (open squares). Growth was 
determined by trypsinizing developing clones as a 
function of time so that each cell could grow into 
a visible colony. T,: stands for doubling time, 
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Fig. 7 An apparently anomalous growth c 
after 433 rad: open circles, the initial s 
curve; closed circles, growth after 433 rad d 
mined by trypsinization as a function of 
open squares, the same data plotted in figu 
determined by counting the number of cell 
specific clones as a function of time. The 
methods of determining growth were perfor 
with cells from the same initial suspension 
stands for the doubling time determined fro 
data in figure 5. 


| 
Our more frequently used method of | 
termining growth curves is shown in fi 
6. As a function of time, control an 
radiated cells were spread by trypsinizat 
and then the dishes containing them 
turned to the incubator to permit 
growth of viable single cells into vis: 
colonies. For control cells (closed cirelk 
this is what we mean by a Gr.—T cw 
for irradiated cells, an X—T curve. “ 
determination of growth curves using 
trypsinization technique is considerz 
easier experimentally than the “in vi 
scoring method and has usually yielded 
sults consistent with those obtained yv 
the latter method. 
While almost all of our X—T cu 
have shown that survivors grow asynel 
nously and as rapidly as control cells, 
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Fig. 8 Recovery and fractionated survival curves for log-phase cells: Surv., the initial 
urvival curve after a 1-hour attachment period; A, survival curve 2.6 hours after 433 rad; 
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able 2. 


observed a few exceptions. One of 
is shown in figure 7 (another will 
ar in figure 9). The survival curve is 
‘ated by the open circles. The X—T 
e is traced by the closed circles. The 
sistency between the X—T growth 
e and the “in vitro” counts could have 
ted from either of these two possibil- 
. (1) Since the procedure used in the 
experiment was to make a trypsi- 
suspension at the times shown from 
h aliquots were inoculated into fresh 
es, the ability of trypsin to remove cells 
the glass surfaces of their original 
es may have varied with time. (2) 
natively, the cells may have been re- 
ed adequately from the glass surfaces, 
the ability of trypsin to separate them 
have depended on when the cells were 
sinized. At the present time, we have 
ay of choosing between these alterna- 
, although in our experience we have 
r had reason to doubt that trypsin did 
strip off essentially all of the cells at- 
ied to a glass surface. In addition, as 
strated by figure 8, the roughly stepwise 
pe of the X—T curve is similar, tem- 
ly, to the stepwise variation of the 


over-all extrapolation number of surviving 
cells and their progeny. The X—T curve 
does not indicate, however, asynchronous 
division at the onset of division at about 8 
hours. 


Postirradiation variations in 
extrapolation number 


To this point we have described data 
which shows that: (1) control cells survive 
independently; (2) in contrast to control 
cells, surviving cells that have fully re- 
covered, survive in a manner which may in 
part be independent of postirradiation 
population growth; and (3) after a dose of 
433 rad, surviving cells usually suffer a de- 
lay of about %4 of a generation time and 
then increase in number at the same rate 
as control cells. We will now describe sev- 
eral experiments which show that after 
recovery, the survival properties of swrviv- 
ing cells are indeed anomalous in com- 
parison with control cells in that the over- 
all extrapolation number, nN, does not 
increase in direct proportion to the average 
cellular multiplicity, N. 

Figure 8 (see table 2) shows the first of 
these experiments, all of which were per- 
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TABLE 2 
Description of curves and survival parameters for data shown in figure 8 
Exp. 242 
D ipti 
Curve escription ON 
Surv Initial survival 6.74+ 0.97 
A 433 rad; 37°C., 2.6 hrs.; Surv. 2.9 
B 433 rad; 37°C., 5.3 hrs.; Surv. i1(0) 
(J 433 rad; 37°C., 10.6 hrs.; Surv. 6.28 + 0.89 
X—T 433 rad; 37°C., trypsinization 
X—X 433 rad; 37°C., 632 rad 


formed starting with a single cell suspen- 
sion of cells which subsequently grew 
exponentially with a small, if any, delay. 
The initial survival curve is shown by the 
open circles. The doses used in the X—X 
experiment were 433 rad followed by 632 
rad. The curves labeled A, B, and C are 
X—Surv. curves. The point at 2.6 hours 
after 433 rad (half closed circle) was 
taken from curve A; the point at 5.3 hours 
(half closed square) from curve B; and the 
point at 10.6 hours (half closed diamond) 
from curve C. The shape of the dashed por- 
tion of the X—X curve was inferred from 
other experiments. This latter region of the 


X—X curve, as well as the plateau 
follows it, was not as flat as shown i 
experiments due probably to small os 
tions in the MLD of the over-all s 
curve during the growth of surviving ¢ 
The X—T curve in figure 8 shows | 
surviving cells did not start to divide 1 
6 hours after 433 rad in this experi 
Therefore the portion of the X—X curv 
to 6 hours represents the response of si 
cells. The initial survival curve indic 
that immediately after 433 rad, the e 
polation number of surviving cells 
close to 1.0. By 2.6 hours, curve A s 
that nN has returned to about half id 


DOSE (krad) EXP. 236 
02 04/06 "08 “10 {20 44 Vem teueeo 
10.04 1 1 a 1 1 1 SS: 1 ze i i 1 i I 
7 Tp=11.5 hr v79-1 
PE.=78.3% 
we E= 783% 
1.0:9 oe | ) 
020s se K } 
4 Se FE 
0.210 4 = i —X-T c 
INE ze ON 
rad_ cat aa Ise ; 
g O's x E } 
E =| EF : 
2 “| ° E } 
rc 4 S BO. 
Ww r } 
—e- | 
Z 004 aes iN 7 | 
Se Bee F 
2 4 $e ‘i 2 Qe 
=| 0-8, bt 
ae ae a a [ 
\—X-X - 
0.0014 5 XY 
5 E 
1 / Nyt E | 
Surv.— E | 
=| B jk 
0.000} = T T T : eal | T T T Tot T i. | 
OS “10: 20" "30" "40u "Soluce 
TIME (hr) AT 37°C 


_ Fig. 9 Recovery and fractionated survival curves for log-phase cells: 
vival curve after a 1-hour attachment period; 
survival curve 17.6 hours after 433 rad; C, survival curve 23.7 hou 

suCs ‘ rs after 433 ; X— 
growth curve after 433 rad determined by trypsinization as a function of Papa | 
survival to 433 rad followed by 921 rad as a function of time between d 1 2 


summarized in table 3. 


Surv., initial sur- 


A, survival curve 13.2 hours after 433 rad; B, 


oses. The data are 


433 rad; 37°C., trypsinization 
433 rad; 37°C., 921 rad 
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TABLE 3 
Description of curves and survival parameters for data shown in figure 9 
Exp. 236 
Description = 

nN MLD 

rad 
Initial survival 9.48 + 0.84 NOW Kes Shs 
433 rad; 37°C., 13.2 hrs.; Surv. 7.49+0.91 Ia 7/ss Syl 
433 rad; 37°C., 17.6 hrs.; Surv. 9.08 + 1.85 ieWisje= i) 
433 rad; 37°C., 23.7 hrs.; Surv. FEO) se(GLo) 134.2+14.5 


value, and by 5.3 hours, nN has 
ed back to 1.0. (For curves A and B, 
n since N= 1.) Hence, just before 
ion starts, one event appears to be suf- 
t to kill a cell surviving the first dose 
ugh the sensitivity of these cells is 
less than it was initially.* By the time 
verage multiplicity of surviving cells, 
s increased to 1.4, at 10.6 hours, the 
polation number has returned to its 
1 value. From analogy with control 
one might have expected the net sur- 
from about this time on to have in- 
ed in direct proportion to the aver- 
ultiplicity. This did not happen. 
e format of figure 9 (see table 3) is 
ame as in figure 8 except that the re- 
from about 13 hours through the 
letion of the first division is presented. 
gin with, the X—T curve in this ex- 
ent is another illustration of the in- 
ently observed postirradiation growth 
referred to earlier. For comparison 
the much more usual situation, a 
led line with a T2 of 11.5 hours is 
n. On the X—X curve, the points at 
17.6, and 23.7 hours (the half-closed 
ols) were obtained from the X—Surv. 
s at the corresponding times which 
beled A, B, and C respectively. From 
spection of the over-all extrapolation 
ers, nN, it is seen that from about 13 
hours, nN equals the initial value 
hat by 24 hours, nN has increased by 
t a factor of 2. Also, the oscillations 
ie X—X curve in this case can be seen 
due most likely to small oscillations 
he MLD’s of the X—Surv. curves 
points at the minima came from 
s B and C whose MLD’s are both 
ler than the MLD of curve A. The 


data in this figure show that by about the 
time surviving cells have all divided once, 
the over-all extrapolation number has in- 
creased by about a factor of 2. 

An examination of the region of the sec- 
ond plateau in the X—X curve is shown in 
figure 10 (see table 4) whose format is 
similar to the two preceding figures except 
that the X—Surv. curves have their origins 
plotted at the times corresponding to when 
they were performed. The dose scales in 
each instance are the same but displaced 
to the right. This was done because if they 
had all been plotted from the same origin 
(e.g. the 433 rad point on the initial sur- 
vival curve), they would have appeared 
indistinguishable. X—Surv. curves A, B, 
and C were determined at 20.1, 27.1, and 
34.4 hours. During this interval of time, 
the average multiplicity of surviving cells 
had increased by a factor of 2.4. The over- 
all extrapolation numbers of A, B, and C 
are equal and these are all larger than the 
initial extrapolation number by about a 
factor of 2. From the X—T curve, it can 
be seen that by 20 hours the first division 
has been completed. The small uncertain- 
ties on the values of nN clearly show that 
the over-all extrapolation number did not 
increase in proportion to growth in the 
14-hour interval examined, and because 
the MLD’s are equal, the three X—X 
curves—curves D, E, and F—also illustrate 
this fact. In summary, this figure shows 
that from the end of the first generation 
time until at least three hours beyond the 
end of the second generation time, the 


4It should be noted that the MLD’s for curves 
A and B may be larger than those observed if 
surviving cells experience a similar variation in 
MLD resulting from morphological changes dur- 
ing the first several hours as do cells which re- 
ceived no prior irradiation (see figures 1 and 2). 
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Fig. 10 Recovery and fractionated survival curves for log-phase cells: Surv., initial sur 


vival curve after a 1-hour attachment period; A, 


survival curve 20.1 hours after 433 rad; B 


survival curve 27.1 hours after 433 rad; C, survival curve 34.4 hours after 433 rad; X—T 
growth after 433 rad determined by trypsinization as a function of time (Tz is the doublin; 


time); D, E, and F are the net survivals to 433 


rad followed by 698, 948, and 1198 rad re 


spectively as a function of time. To avoid overlapping curves, the origins of curves A, B, an 
C are plotted at the times that they were determined. In each instance, the dose scale is th 
same as that of the initial survival curve, but displaced to the right according to the tim 
scale shown. The data are summarized in table 4. 


TABLE 4 


Description of curves and survival parameters for data shown in figure 10 


Curve Description 
rad 
Surv. Initial survival 6.172152 139.521 
A 433 rad; 37°C., 20.1 hrs.; Surv. 11.6 +2.09 152.888 
B 433 rad; 37°C., 27.1 hrs.; Surv. 1 65==0:63 150.2 i 
Cc 433 rad; 37°C., 34.4 hrs.; Surv. 12.8 0:95 152.6 
B,c Data treated as 1 curve LU Gaeta 153.2213) 


= 433 rad; 37°C.; trypsinization 
D 433 rad; 37°C., 698 rad 

E 433 rad; 37°C.; 948 rad 

F 433 rad; 37°C.; 1198 rad 


over-all extrapolation number appears to 
have been constant. The value of nN dur- 
ing this interval is about twice that for the 
initial single-cell population. Therefore, at 
34.4 hours, on the average 5 cells survive 
with the same probability as two cells. Fur- 
ther, this probability, aside from small 
changes in MLD’s, is about twice as large 
as that of single log-phase cells. 


Apparent survival dependence 


In comparison with control cells, 
interpretation of the stepwise variation 
the over-all extrapolation number is 
after recovery, the progeny of survi 
cells do not survive independently. ' 
is, when a population of clones is irradi 
for the second time, damage can be sh 
by cells in close proximity, so that 
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ability of survival of a clone does not 
sase in proportion to the average num- 
f viable cells per clone or the cellular 
iplicity. We have tested for this pos- 
ty by performing a series of experi- 
Ss in which cells in developing clones 
separated by trypsinization before 
after their second exposure. Because 
lisparity between growth and over-all 
ypolation number was larger from 20 
S on, we confined our examination to 
‘egion of the second plateau. 

the experiments shown in figure 11, 
tudied the effect of separating the cells 
‘their second exposure. To begin with, 
77.—T curve shows that the cells used 
is experiment grew exponentially after 
ng. The X—T curve shows that cells 
ving 433 rad suffered a delay of 7—8 
s and then also grew asynchronously. 
open circles trace the initial survival 
>, In the X—X experiment the two 
; used were 433 rad and 921 rad. For 
oses of orientation, on the left ordi- 
three survival levels are indicated. If 
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Fig. 11 The effect of spreading cells in clonal growth after their second exposure: Surv., 
he initial survival curve; Gr.—T, growth of control cells by trypsinization as a function of 
ime; X—T, growth after 433 rad by trypsinization as a function of time; X—X, net survival 
433 rad followed by 921 rad as a function of time; X—X,T, same as X—X except that the 
ells in developing clones were dispersed by trypsinization immediately after the 921 rad 


the MLD of surviving cells remained equal 
to its initial value and if there had been no 
recovery, the net survival of single cells 
after 1354 rad would have been 0.00024. 
If there had been full recovery between 
doses and no division, the net survival 
would have been 0.0013. And if there had 
been full recovery and one division with 
both celis surviving independently, the 
survival level would have been 0.0026. 
The X—X curve shows that by 20 hours the 
survival corresponds to the situation de- 
scribed last but that for the next 14 hours, 
the net survival remained constant. The 
X—X,T curve (ie., cells separated by 
trypsinization after their second exposure ) 
shows that if the cells are separated within 
15 minutes after their second exposure, 
there is no effect on the survival probabil- 
ity in the flat region. Hence, it is clear 
that if there are any coupling effects be- 
tween adjacent cells in a developing clone, 
these effects are fixed at about the time of 
exposure and are not related to events 
that might occur during the succeeding 12 
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Fig. 12 The effect of spreading cells in clonal growth before their second exposure: 
Surv., the initial survival curve; X—T, growth after 433 rad determined by trypsinization as 
a function of time; X—X, net survival to 433 rad followed by 921 rad as a function of time; 
X—T, X, same as X—X except that the cells in developing clones were dispersed by trypsini- 
zation at the times shown, allowed to reattach for 1 hour, and then given their second expo- 


sure of 921 rad. T2 stands for doubling time. 


days required for the growth of surviving 
cells into visible colonies. 

Figure 12 shows an experiment similar 
to the last one except in this case the cells 
were trypsinized before the second expo- 
sure. The reference survival levels are: 
0.00034 for the net survival without re- 
covery; and 0.0020 for full recovery with- 
out division. The X—T curve shows that the 
survivors grew exponentially. The X—X 
curve (open diamonds) shows a small 
wiggle between 20 to 27 hours probably due 
to a small oscillation in the MLD during 
that interval. However, the X—T,X ex- 
periment shows that the net survival in- 
creased in direct proportion to growth. It 
should be noted that, in the X—T,X ex- 
periment after trypsinization, the dishes 
were placed at 37°C. for one hour to per- 
mit the cells to reattach to their glass sur- 
faces. Taken at their face value, the data 
in figures 11 and 12 suggest that during 


the second and part of the third gen 
tion times after the onset of growth, 
progeny of surviving cells can share 
damage only if they are in contact W 
each other. For cells that display a fil 
blast-like morphology when attached 
glass, as these cells do, this contact can 
quite intimate in clonal growth. 

As a further check on the aforegoing 
terpretation, the experiments shown in 
ure 13 were performed (see table 
Parts of three X—X and X—X,T cur 
were determined which are labeled: A 
and C; and A’, B’, and C’ respectively. 
this experiment, the X—X, T curves are 
slightly above their corresponding X- 
curves, but nevertheless it is still clear t 
trypsinization after the second expos 
did not relieve any appreciable coup! 
that might have existed between cells. 
the X—T, Surv. curve the trypsiniza 
was performed at 33.1 hours after 433: 


e cells were given their second doses 
ing a one-hour attachment period. 
control survival point for this curve 
o plotted along the X—T curve (closed 
>) and, therefore, is relative to the ini- 
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&. 13 The effect of spreading cells in clonal 
h before and after their second exposures: 
, the initial survival curve; X—T, Surv., the 
al curve (normalized to 1.0) of cells which 
‘trypsinzied 33.1 hours after 433 rad and 
allowed to reattach for 1 hour before their 
sures; X—T, growth after 433 rad as a func- 
of time (the solid circle represents the sur- 
of the control for the X—T, Surv. curve rela- 
to the control for the X—T curve, 1.0); A, B, 
, net survivals to 433 rad followed by 722, 
and 1020 rad respectively; A’, B’, and C’, 
as A, B, and C except that after the second 
5, the cells were trypsinized. T2 stands for the 
ling time. The data are summarized in 
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tial control for the whole experiment. The 
extrapolation number of the X—T, Surv. 
curve equals that of the initial survival 
curve. On the other hand, if at 33 hours 
the progeny of surviving cells left in close 
proximity survived independently, their 
average extrapolation number per cell 
would have had to drop to about 2.8. That 
is the initial extrapolation number, which 
was 8.0, times 2 (see figures 8 through 12) 
divided by the average viable cell multi- 
plicity at 33 hours which was 5.8. In view 
of the fact that the extrapolation number 
for single cells at 33 hours equals the ini- 
tial value, it is quite unlikely that the single 
cells obtained by trypsinization at 33 hours 
survived in the same way as nontrypsinized 
cells if the latter cells had survived inde- 
pendently (see figure 14). 


DISCUSSION 

Figure 14 shows a schematic representa- 
tion of the variation in the over-all extrapo- 
lation number, nN, as a function of time 
after 433 rad. As already noted, there are 
also significant variations in sensitivity, 
MLD, but these usually amounted to 10% 
or less for times longer than the division 
delay period, At. The abscissa is time in 
units of the doubling time, T. of surviv- 
ing cells after their division delay. 

From different experiments, some of 
which have been presented in this paper, 
we know that the initial extrapolation 
number of single control cells, n., varies 
from experiment to experiment. In one 
instance, it was clearly higher than the 
value found in the region of the first pla- 
teau. We believe that this variation may 
be due to two things: (1) The initial ex- 


TABLE 5 
Description of curves and survival parameters for data shown in figure 13 


Exp. 253 
Curve Description aN ges 
rad 

Surv. Initial survival 8.00+ 1.13 141.4441 

—T.S : 433 rad; 37°C.; 33.1 hr.; trypsinization, 
¢ me Surv, 8.65+0.41 ToS =On4 
xX—T 433 rad; 37°C.; trypsinization 

A 433 rad; 37°C.; 722 rad 

A’ 433 rad; 37°C.; 722 rad, trypsinization 

B 433 rad; 37°C.; 921 rad ' 

B’ 433 rad; 37°C.; 921 rad, trypsinization 

Cc 433 rad; 37°C.; 1020 rad 


(Gis 


433 rad; 37°C.; 1020 rad, trypsinization 
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VARIATION OF nN AFTER 433 rad 


EXTR. NO., nN 


HRY Soi 


trapolation number may reflect a charac- 
teristic of the starting population which is, 
to some extent, independent of its growth 
phase at the start of an experiment. And 
(2) we have consistently observed, with 
different cell lines, that the initial extrapo- 
lation number varies inversely with the 
MLD. Our most consistent results, in terms 
of the kinetics sketched in figure 14, were 
obtained when variations in the MLD 
throughout an experiment were 10% or 
less. In the instance in which mN in the 
region of the first plateau was clearly less 
than n., the MLD was 27% larger than for 
the control cells, and in another experi- 
ment, it was 40% larger than usually 
found for the starting population. In this 
connection, it is worth noting that in fig- 
ure 8, the extrapolation number dropped 
to 1.0 at 5.3 hours (the minimum in figure 
14) and that the MLD at that time was 
23% greater than the MLD of the starting 
population. In view of these considera- 
tions, and our present state of ignorance 
with regard to the interrelationship be- 
tween extrapolation number and sensitiv- 
ity, nm. is shown with some uncertainty. 

A first dose of 433 rad reduces the initial 
survival to close to the region of expo- 
nential survival. Therefore, at zero time 
after 433 rad, the over-all extrapolation 
number is close to 1.0. In about 13 to 1% 
of the division delay period, nN increases 
to about n./2 and returns to close to 1.0 
just before the onset of division. Up to 
the time At, therefore, the extrapolation 
number observed is for single cells. Within 


TIME (hr) AT 37°C 


i atic summary of the variation in the over-all extrapolation number, nN, as 
a ee taar fe ae after 433 na The solid line up to the onset of division, At, is for single 
cells; the dashed line represents the variation of the extrapolation number for single cells if 
they survived independently; n, is the initial single cell extrapolation number. T2 stands for | 
the doubling time of surviving cells after the onset of division. 


the first half of the first division cycle, - 
increases to nm. and remains fairly ct 
stant until about the beginning of the s 
ond division. It then increases by about 
factor of 2 and remains constant for thi 
to 4 hours beyond the end of the seca 
division cycle. In spite of these variatia 
in nN, from time At on, surviving ce 
grow exponentially. After initial doses k 
than 433 rad, the second plateau may | 
absent; that is, during the first divisi 
after At, nN may start to increase in p 
portion to growth. 

There are at least two explanations : 
parts of these findings. The first one 
based upon a literal interpretation of 
of the experiments presented but leads: 
a conclusion somewhat at variance w 
some generally accepted ideas. To ce 
sider the second interpretation, it is nec 
sary to ignore some of our data. The 
sult, however, is a view which does 1 
challenge, in any serious way, any of ¢ 
ideas and leads to some insights which 
prove to be of value. 

The first interpretation is concerned } 
marily with the plateaus in the nN cu 
and is based mainly on the data obtair 
from the beginning of the second pos 
radiation division cycle. Our data sho 
that the over-all extrapolation number 
constant in this region for cells in clo: 
association at the time of their second 
posure or for cells separated shortly the 
after. If the cells are separated by trypsi 
zation one hour before their secc 
exposure, they survive in a way that 


ts the fact that their number has in- 
ed by about 2.5x in this region. 
ce in one hour, cells in log-phase growth 
Id have been expected to have in- 
sed in number by only 7%, the con- 
ion follows that recovered cells can 
smit damage between themselves in 
regions of the plateaus. In terms of 
et theory, this means that the sites of 
primary ionizations may be removed 
the sites of the principal effects by at 
t two cell walls and possibly two nu- 
membranes as well. 
e foregoing interpretation offers no ex- 
mation for the events that occur during 
period of division delay nor for the 
id increase in over-all extrapolation 
ber that occurs at about the end of 
first postirradiation division. Also, 
ce it is based upon the exponential por- 
s of survival curves, it remains a pos- 
ility that the shoulder regions of these 
es may result from a different inacti- 
ion mechanism which, during the 
rse of postirradiation growth, does not 
d to the coupling effects inferred. 
e observation essential to the first in- 
retation is that cells separated before 
ir second exposure survive independ- 
ly as do cells that received no prior ir- 
lation whether separated or not. Left 
ether at the time of their second expo- 
e, the progeny of surviving cells appear 
survive in a way dependent upon their 
ximity to each other. Since trypsiniza- 
was used to spread the cells, it is pos- 
le that this, or the one-hour attachment 
iod that followed, caused these cells to 
ive with an extrapolation number 
al to that of control cells. That is, it is 
sible that the progeny of surviving cells 
survive independently but that their 
gle cell extrapolation numbers undergo 
ctuations in a manner traced approxi- 
tely by the thick dashed line in figure 
. If this was the case, at the end of the 
t division, the average extrapolation 
mber for single cells would have been 
the control value and at the end of the 
ond plateau, 2/6 to 2/5 of the control 
ue. After this period, the extrapolation 
mber per cell returns to the control 
lue, although some of our results indi- 
te there may have been additional fluctu- 
ons. 
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If it is assumed, therefore, that the tryp- 
sinization procedure before the second 
dose introduced an artifact, the essential 
feature of the second interpretation is that 
as cells terminate their division delay, they 
assume different values of extrapolation 
number per cell so that the value for the 
over-all population appears to be constant 
for most of the first division cycle. At the 
start of the second division, the variation 
in extrapolation number per cell is re- 
peated, but since there are twice as many 
cells, the over-all value is twice as large. 
The variation of the extrapolation number 
during the period of division delay could 
then be viewed as due to the combined ef- 
fects of recovery plus the progression of 
cells toward division. The initial rise in 
the curve would represent recovery, and 
the subsequent fall, the movement of cells 
toward division. This suggests further that 
the control extrapolation number might 
reflect the over-all influence of a number 
of submoieties. Although the survival pa- 
rameters, aside from recovery, might have 
different distributions before and after ex- 
posure, it is quite possible that a mixture 
of various extrapolation numbers and 
MLD’s could yield an over-all survival 
curve starting with a negative slope and 
appearing to represent an homogeneous 
population within the resolution of our 
experiments. 

While this second interpretation does 
not involve intercellular effects, it is not 
entirely consistent with our data. To be- 
gin with, the second plateau extends for a 
significant length of time beyond the end 
of the second division cycle. Also, if the 
division delay is the result of a mitotic 
block so that cells accumulate just prior to 
division, then the subsequent growth would 
be expected to be synchronous and not 
asynchronous as we have observed. 

However, while the first interpretation 
applied to the recovery of cells is difficult to 
reconcile with a genome hypothesis based 
upon a target-theory model which pre- 
cludes significant interactions between 
DNA structures and other parts of the cell, 
the second interpretation does not rule out 
a target-type of model providing that the 
number and/or sensitivity of the targets is 
dependent upon the age of a cell with re- 
spect to its interdivisional cycle. Clearly, 
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more information is needed before a choice 
between these alternatives can be made or 
before another model can be favored. 


OPEN DISCUSSION 


Revesz® : In experiments designed to 
study the clonal survival of X-irradiated 
cells in vitro, little attention has been given 
so far to the possible effect of the presence 
or absence of oxygen in the medium during 
irradiation. The tissue culture technique 
used by Drs. Elkind and Puck implies that 
cells have ample access to oxygen in 
the course of irradiation. Astonishingly 
enough, with the exception of a single pub- 
lication (D. Dewey: Nature, 186: 780, ’60) 
no reports have yet appeared on experi- 
ments in which the survival of mammalian 
cells was studied in vitro after irradiation 
under anoxic conditions. In cooperation 
with Dr. J. E. Robinson at the Radiology 
Department of Stanford University we per- 
formed experiments to study the clonal 
survival of several mammalian cell lines 
after irradiation in the absence of oxygen, 
substituting air with nitrogen during X-ray 
treatment. In summary it would seem that 
cells irradiated in anoxia have (1) de- 
creased radiosensitivity as compared to the 
sensitivity in air, and (2) the extrapolation 
number of the survival curves is always 1, 
in contrast to the situation found in the 
presence of oxygen. 

ELKIND: Do I understand correctly that 
the extrapolation number equals 1 with 
and without oxygen in your particular 
case, or just without oxygen? 

REVvESZ: Without oxygen the extrapola- 
tion number is 1, with oxygen it is higher, 
and consequently, a shoulder is apparent 
as you found also in your experiments. 

ELKIND: How large is the extrapolation 
number? 

REVESZ: In air it is between 2 and 3. 

ELKIND: This is an interesting finding. 
It does not agree, however, with the results 
of Dr. Dewey or with the results of other 
people. That is, they find extrapolation 
numbers, even under anoxic conditions, 
which are greater than 1 although the ex- 
trapolation numbers with and without 
oxygen may not be equal. 

Powers® : I should like to raise a ques- 
tion concerning the criteria. Recall that in 
the irradiated bacterial spore in the dose- 
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rate ranges used—the germination pro 
is not affected at all; the cells that unde 
one division do not necessarily unde) 
two; those that undergo two do not ne 
sarily undergo three; and so forth. No 
that divide grow to be countable coloni 

In figure 5, where you compared 
growth rates of the irradiated with the 
irradiated ones, there is a slight fallo 
the case of the irradiated cells. The ge 
ation times of the controls and irradi 
cells was about 11 hours. From aboutl 
to 100 hours, however, the irradiated c 
appear to be lagging (ie., growing |] 
rapidly) and in this region they have 
dergone 5 to 6 fissions. 

ELKIND: That’s right. 

Powers: We have noted before in 
amecium that there might be somet 
magic about 6 cell divisions, that the c 
may very well be running out of thii 
after 6 divisions. So, the fact that a‘ 
divides several times does not mean tha 
will produce a clone. The question hi 
is: What is the successfully surviving + 
in your material? . 

ELKIND: What we did in this exp) 
ment was to count cells without fixing 
staining with phase microscopy. In the! 
gion from 60 to 100 hours, the clones c 
tained an average of about 30 to 150 ¢; 
per clone. I think it is perfectly reasona 
that we might have had a 10 to 20% en 
and just couldn’t count all the cells 
curately enough in this region since th’ 
cells form tightly packed clones. 

In addition, we have done _ grov 
curves, both for the controls and for 
irradiated population, by the method | 
trypsinizing as a function of time. — 
have observed exponential growth for t 
decades at least, after which in both 
stances we begin to see a drop-off wh 
may be due to a number of reasons wh 
are beside the point in question. 

There is another factor. We also h: 
evidence that not all the progeny of 
initially surviving cell either have the ca 
bilities of growing at the same aver: 
initial rate, or of undergoing the sa 
number of divisions. Some of these pr 
eny lines are “dead-end” lines. I think t 
is one reason why, when large doses of r: 
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n are used, there is a distribution in 
my sizes after a given length of postir- 
ation incubation. That is, dead-end 
eny lines could very easily contribute 
uch a distribution. 

COBSON’ : I would like to make some 
parisons between this data and some 
the data on larger micro-organisms, 
icularly on Chlamydomonas reinhardi. 
Chlamydomonas, there is a recovery 
hown by dose fractionation, with most 
he recovery occurring within less than 
an hour. But by the criterion of re- 
ption of cell division, it takes nearly a 
before the irradiated cells resume their 
division. 

y belief is that these are two different 
s of recovery. Also, I have a statement 
0 what is killing the cells. This organ- 
has a rather complicated division cycle 
lving successive endomitotic division. 
ppears that, generally speaking, the 
s always die at the same point in the 
ision cycle—that is, in the uninucleate 
es—as though there is some critical 
nt in the postirradiation life cycle of the 
which they may or may not get 
ugh, even though they have gone 
ough a normal cell division cycle after 
diation, before death. 

PLAN®: These observations are all 
ed on cells with very short generation 
es in vitro. In short, they are growing 
ut as fast as mammalian cells are able 
grow. Clearly, any interpretation of 
h results in terms of in vivo systems 
uld have to take into consideration the 
t that very few cells in mammals in vivo 
w at this rate. 

oes Dr. Elkind have any observations 
cells in vitro which have deliberately 
n grown at lower temperatures or under 
ditions which would force them to grow 
h a longer generation time, and whether 
der these conditions some of these pa- 
eters change? 

LKIND: I can’t answer that question 
pletely. First of all, we have looked at 
covery at room temperature in Chinese 
mster cells. It does occur, although at 
slower rate, and even though these cells 
not grow at room temperature. Second, 
- Lockart in our laboratory has done a 
nited number of studies on recovery with 
‘La S-3 cells using three different sub- 
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lines, all of which had generation times 
about twice that of the Chinese hamster 
cells. The recovery kinetics appear to be 
similar. And third, I think that your ini- 
tial remarks contained an assumption; 
namely, that there ought to be some rela- 
tionship between rate of growth and the 
presence or absence of recovery. This may 
be true, but in my view, until it has been 
shown to be true we have no basis to as- 
sume it is true. 

KELLY®: Dr. Kaplan’s remarks intro- 
duce what I want to say. I will attempt to 
answer his comment on the question of 
whether tissue cultures are the proper 
model for mammalian radiation survival. 
If you recall Dr. Elkind’s survival curve, at 
600 r roughly 1% of the cells are capable 
of forming a macro colony, in other words, 
capable of continual division. In mice the 
LDs. region is of the order of 600 r. We 
also know that it is necessary to inject of 
the order of 1% of the bone marrow cells 
normally present, in order to have a mouse 
survive a lethal radiation dose. In other 
words, if 600 r allows 1% of the bone 
marrow stem cells to survive, the mam- 
malian data fit very well with tissue cul- 
ture data. 

Dr. Elkind’s recent experiments show 
rapid recovery of irradiated cells which 
have not suffered a sufficient number of 
hits to be killed. A large body of mam- 
malian survival data has accumulated in 
which the radiation was either fractionated 
or given over a protracted period of time. 
In these experiments a rapid recovery 
component has usually been found. For ex- 
ample, if the dose is protracted over a 24- 
hour period the LDs. for X rays is approxi- 
mately twice as great as the LDs for a 
radiation exposure lasting only a few min- 
utes. Dr. Elkind’s data now give a cellular 
basis for these observations. If the dose is 
protracted, there is time for recovery in 
the bone marrow stem cells so that it takes 
twice the dose to get down to the 1% sur- 
vival level. 

I think this ties together many experi- 
ments in the mammalian literature which 
have been very puzzling. 
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ELKIND: Although I don’t think that our 
limited studies with cell cultures should be 
underestimated, I don’t think they ought to 
be over interpreted either. Dr. Kelly re- 
ferred to a dose-rate effect in animals 
which might be consistent with the re- 
covery observations we have made after 
acute exposures. This suggests that simi- 
lar dose-rate effects might be observed with 
cultured cells. But there are also sugges- 
tions from mammalian experiments that 
recovery processes may not take place 
while the animal is being exposed. In any 
event, dose rate measurements with cells 
have not been made and I prefer not to 
undertake models to explain animal ef- 
fects unless I have a cellular basis to start 
with. 

ALEXANDER”’ : In connection with Dr. 
Kaplan’s comment, we have many in- 
stances using mouse lymphoma cells in 
tissue culture to show that radiosensitivity 
depends upon the physiological state of the 
cell and in particular on its nutritional 
status. The radiation response of slow 
growing or almost stationary cultures is 
very different indeed from that of cells in 
an ideal medium where they divide every 
10-11 hours. In the rapidly dividing cells 
we have observed recovery with fraction- 
ated doses of exactly the same type as seen 
by Dr. Elkind. However, recovery is much 
less marked if the cells are irradiated un- 
der conditions of restricted division (e.g., 
when folic acid is withdrawn). Conse- 
quently one can’t argue about the value or 
otherwise of dose fractionation in radio- 
therapy from tissue culture experiments. 
They probably give us a guide to in vivo 
behavior of bone marrow but not of tumors 
whose cells do not divide once a day or 
more. 

ELKIND: First, was your survival higher 
for a single dose for the slower growing 
cells? And second, was there no particular 
evidence of an increased survival with 
fractionation? 

ALEXANDER: That is right. The experi- 
ment is as follows: (a) lymphoma cells 
maintained in complete tissue culture me- 
dium. Division time 10 hours (b) lym- 
phoma cells kept in incomplete medium 
(division time 18 hours) and transferred 
immediately before irradiation to the com- 
plete medium. Both systems show an equal 
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survival of approximately 10% for a sir 
dose of 300 r. The dose is fractionated i 
two lots of 150 r separated by 4 to 6 ho 
Then the survival of (a) is about 5 
while that of (b) is about 15%, i.e., m 
less recovery in the case b. There is 
other difference between these two cult 
and that is that in (a) with doses u 
500 r all cells divide at least once be 
dying (ie., autolysing at about three t 
days after irradiation). While in (b) 
cells do not in general divide before di 
pearing. I interpret this as meaning t 
cell division or attempts thereat are 
necessary for these cells to die and tl 
consequently chromosomal damage is - 
the important cause of death for t 
cells. I should point out that our survi 
were determined not by cloning but by | 
trapolation from the growth curve 6 t¢ 
days after irradiation. This method | 
calculation is liable to serious error if thi 
is a significant mitotic arrest. We do: 
believe that there is a serious mitotic arn 
for the reasons summarized in P. Al 
ander and Z. B. Mikulski (Bioche 
Pharm-5> 275 4.6b) 
ELKIND: Dr. Alexander’s point be! 
also on some experiments already in © 
literature. We don’t know whether the gs 
vival curve for his cells is the same as ou 
but let me assume it is similar. . 
At a dose of about 400 or 500 r, we | 
down to about 0.2 survival in our ca 
That is about the beginning of the — 
ponential region. If the first dose) 
smaller, complete recovery would be rep 
sented by a curve similar in shape to 1 
initial one but displaced only by a sm 
amount to the right (higher doses). I 
cells which are given large enough doseg 
reduce the survival to the exponential 
gion, complete recovery would be rep 
sented by a curve shifted a larger distar 
to the right. | 
On our scale (which may or may not 
a valid comparison) 300 r would be sor 
where around 50% survival and the eff 
of recovery would be small. I am i 
pressed with the fact that Alexander 
ready sees some recovery even at this dc 
for the 10 hour cells. If, then, for the | 
hour case, the survival to 300 r was larg 
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vould have been even more difficult to 
Nolve the influence of recovery. 

[here are two additional reasons why 
Alexander’s results with respect to the 
iestion of recovery versus growth rate 
ty be misleading. First, in his experi- 
int, clonal formation is not the criterion 
survival. Dr. Alexander infers what the 
survival is by extrapolating the postir- 
liation growth curve back to zero time. 
3 he has pointed out, this method is valid 
y if there is no division delay induced 
the irradiation. Since there most cer- 
mly must have been division delays 
hich must also have increased with dose, 
id since it is quite likely that the delay 
f a given dose was larger for the cells 
hich came from a deficient medium, the 
sis for comparing the slow and rapidly 
lowing cells becomes tenuous. Further, 
timating survival by the extrapolation 
fthod always leads to an underestima- 
bn of the survival. If for a given dose the 
Hwer growing cells had a longer delay, 
y would appear to have had a lower sur- 
al while they might in fact have had an 
jual or greater survival than the rapidly 
owing cells. 

The second reason concerns the kinetics 
recovery. Four to 6 hours in our ex- 
riments is in the region in which the 
t survival is changing rapidly. It is quite 
asonable that the net survival to the two 
posures might have been different only 
cause the cardinal points on their re- 
ective recovery curves were displaced 
ative to each other. 

Powers: Do you require that all the 
rvivors which you score go through the 
me number of cell divisions? 

Exxinp: In a rough way, yes. They 
ust all exceed a limited number of divi- 
ons. 

Powers: Does this go through three cell 
visions, 5 cell divisions, or 15? 

ELKIND: At the end of about 13 days of 
owth any clones that are smaller than 
yout 200 cells are not acceptable as repre- 
nting an initially viable cell. Our largest 
ones at that time may have 10’ cells. 
Powers: But you do then have from 
10 to 10° cells in the clones included in 
e survival curves? 

ELKIND: We have a spectrum of clone 
zes after large doses. 
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KELLy: Dr. Alexander’s comment can 
be turned around to say that cells which 
are unhappy and therefore have slow gen- 
eration times, behave unpredictably and 
not like normal cells. 

KapLAN: There is need for extreme cau- 
tion in the extrapolation of these admit- 
tedly very beautiful and precise data, to 
the very imprecise situations which one 
encounters in clinical practice. 

To the best of my knowledge, there are 
virtually no tumors in patients that have 
generation times comparable to those in 
vitro. Moreover, the generation times in 
different cells within a tumor are vastly 
different. For this reason, I think that those 
who may read this work and who may be 
tempted to leap to the conclusion that 
fractionation has no proper place in radio- 
therapy should be warned to be careful. 

CELADA" : I would like to tell Dr. 
Kaplan that in our laboratory Dr. Capalbo 
has shown that also antibody-forming cells 
in the presence of antigen have a maxi- 
mum generation time of 12 hours. 

KELLY: I think in the literature you will 
find that essentially all the “stem cells” in 
the mouse have generation times of the 
order of 12 to 24 hours. This holds for 
lymph nodes, bone marrow, small intes- 
tine, essentially all the generative cells 
that have been measured to date. 

Whether this applies to the dividing 
tumor cells, I don’t know and I don’t think 
anyone else knows at the moment. The 
difficulty is that in a tumor, there is no 
marker for the generative cells. Until ex- 
periments are done in which thymidine is 
infused over a long period of time under 
conditions where the mouse and the tumor 
remain healthy, we don’t know whether in 
a growing tumor there are small groups of 
cells which have rapid generation times or 
whether each cell divides more rarely than 
do the normal generative cells. 

MENDELSOHN”™ : In answer to Dr. Kelly, 
I have some as yet unpublished data which 
may supply the information she has called 
for. Tritiated thymidine has been infused 
for as long as 7 days into C3H mice carry- 
ing primary breast tumors. Without going 
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into details, I can say that analysis of 
autoradiographs of such tumors after in- 
fusion has indicated that a sizable fraction 
of tumor cells remain unlabeled. In addi- 
tion, a small but detectable number of the 
unlabeled cells can be found in mitosis 4 
days after the end of the infusion. I in- 
terpret this data to mean that both the 
above complications exist in these tumors. 
As Dr. Kelly implied, a major constituent 
of these tumors does not contribute to 
tumor cell proliferation; and as Dr. Kaplan 
has indicated, the growing tumor cells 
probably have widely divergent growth 
rates. 

Upton” : Dr. Oakberg may well take 
me to task, but my impression is that the 
generation time for spermatogonia is prob- 
ably substantially longer than that in other 
germinal cells of the tissues you mentioned. 

It also is my impression that in this sys- 
tem there is less recovery after a single 
dose of radiation, suggesting in fact that 
there may be some correlation between 
generation time and rate of repair. 

On the other hand, there is the paradox 
that in the mouse oocyte we have evidence 
of intensity dependence; yet this is not 
supposed to be a mitotically active cell. 
(See Oakberg in this volume. ) 

REvVESZ: In an attempt to extrapolate 
results obtained in in vitro and in vivo situ- 
ations if might be of interest to conduct 
studies similar to those described by Dr. 


M. M. ELKIND, HARRIET SUTTON AND WILLIE B. MOSES 


Elkind also under anoxic conditions. 
mor cell populations are to a great ext 
anoxic in vivo. For such population 
conclusions drawn from in vitro expj 
ments performed with well oxygens 
cells might not be relevant. 

ELKIND: This is something we h 
started to work on. 
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o induce a mutation, a mutagenic 
t must somehow provoke a stable 
ge in the sequence of nucleotide pairs 
ed together in the molecules of genic 
xyribonucleic acid (DNA). When auxo- 
hic bacteria are exposed to ultraviolet 
t (UV), mutations to prototrophy are 
ced, but these alterations of the ge- 
ic code are rarely, if ever, obtained as 
ct and immediate consequences of the 
orption of photons. The fate of the 
ntial prototrophs remains uncertain 
about an hour after irradiation. Con- 
ons during this “sensitive period” de- 
ine whether they will be “fixed” as 
le mutants or lost irrevocably. This 
ile phase of the induction process, when 
ttreatments can affect the ultimate 
d of induced mutations, is ended by the 
urrence of a decisive event that stabi- 
s the genotype of the potential proto- 
h 


ecent investigations of UV-induced 
totrophy have shown that the course of 
tagenesis depends upon the pattern of 
thetic activity during the early part of 
first postirradiation cell division. Po- 
tial prototrophs disappear rapidly and 
versibly when conditions after irradia- 
are unfavorable for the synthesis of 
teins and ribonucleic acid (RNA) as in 
edium devoid of amino acids or in one 
taining chloramphenicol (Witkin, °56; 
udney and Haas, ’58) or 6-azauracil 
oudney and Haas, ’59b). After less than 
hour under such “low-frequency” con- 
ions, the yield of mutations can no 
wer be raised by the addition of amino 
ds, nor by the withdrawal of the in- 
itor. The number of potential proto- 
phs fixed in stable mutant form is much 
ger if conditions during the sensitive 


ification of Mutagenesis Initiated by Ultraviolet 
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period favor the synthesis of RNA and 
proteins, as in a medium rich in amino 
acids (Witkin, 56). After an hour under 
such “high-frequency” conditions, the yield 
of mutations can no longer be reduced by 
the addition of chloramphenicol, nor by 
amino acid deprivation. Potential mutants 
are maintained in the “promutant” state 
for relatively long periods of time when 
synthetic activity in general is suspended 
or inhibited after irradiation, as in saline 
solution or medium without a carbon 
source (Witkin, 58), or by the presence 
of dinitrophenol (Doudney and Haas, ’58). 
Finally, the sensitive period is, itself, sub- 
ject to the influence of posttreatments: 
mutations are lost or fixed more slowly 
when cell division is retarded by caffeine, 
or by increasing doses of UV light (Witkin, 
58), and fixation is also delayed by thy- 
mine deprivation in a thymineless strain 
(Weatherwax and Landman, ’60). These 
observations suggest that the stabilization 
of the genotype of potential prototrophs, 
whether by fixation or by loss, is intimately 
associated with the behavior of DNA. Fixa- 
tion of mutations has been linked to DNA 
synthesis by Lieb (60) and by Weather- 
wax and Landman (’60), but Doudney and 
Haas (’59a, 60) considered the irrevers- 
ible loss of potential prototrophs to result 
from the disappearance of modified RNA 
precursors produced by UV light, through 
processes independent of DNA synthesis. 
If the loss of potential mutations under 
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low-frequency conditions, as well as their 
fixation under high-frequency conditions 
can be shown to depend upon the behavior 
of DNA, the idea that mutagenic inter- 
mediates are involved in the induction 
process will become difficult to support. 
Such a finding would be more compatible 
with the idea that UV light initiates muta- 
genesis by producing unstable modifica- 
tions directly in genic DNA. 

The experiments to be described, in 
which basic dyes were used as postirradia- 
tion metabolic inhibitors, were designed 
primarily to determine whether the same 
posttreatments that delay or prevent the 
loss of potential mutations are also cap- 
able of interfering with their fixation. 


MATERIALS AND METHODS 

A tyrosine-requiring derivative of Es- 
cherichia coli B/r, designated as WU36, 
was used. Cultures were grown overnight, 
in Difco Nutrient Broth, with the addition 
of 0.5% NaCl, on a reciprocal shaker at 
37°C. Ten milliliters of culture were added 
to 90 ml of fresh nutrient broth, incubated 
for 40 minutes with shaking, then chilled 
for 10 minutes at 5°C. This suspension of 
bacteria in the late lag phase was then 
centrifuged; the pellet was rinsed and re- 
suspended in saline solution to give a titer 
of about 10° bacteria per ml. 

Irradiation was carried out by exposing 
8 ml of the saline suspension of bacteria 
in an open Petri dish, with constant agita- 
tion, to 400 ergs per mm’ of UV light, 
using a General Electric Germicidal lamp. 
Subsequent operations were illuminated by 
yellow light to avoid photoreactivation. 

Posttreatments were administered by di- 
luting 1 ml aliquots of irradiated bacterial 
suspension with 9 ml of the desired liquid 
in test tubes, and incubating at 37°C. for 
the desired time. Posttreatments were 
terminated by plating out to determine 
survival and mutation frequency. 

Transfers from one solid medium to 
another were made by washing bacteria 
from the surface of the first plate with 3 
ml of saline solution, and replating ali- 
quots of the wash. 

The solid medium used for both survival 
and mutation determinations was a mini- 
mal glucose-salts medium—the medium 
“E” of Vogel and Bonner (’56)—supple- 
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mented with 5% liquid nutrient br 
This semienriched minimal agar ( 
SEM) contains enough tyrosine to pe 
ty~ cells to form small but visible colo 
when dilute suspensions are plated for 
vival assay, and to allow a massive i 
ulum of about 10’ cells to undergo sev 
cell divisions on the plate, thus permit 
the phenotypic expression of any ty* 
tants present. Prototrophic colonies 
to a large size against the thin film of ] 
ited parental growth. Other amino a 
are present in amounts sufficient to pe 
maximum fixation of mutations. Plat 
out on 5% SEM agar, therefore, provi 
high-frequency conditions, and failur 
prototrophs to appear means that irrevé 
ible loss has preceded plating. 
Pyronin B, crystal violet, methylene b 
and toluidine blue were obtained from | 
National Aniline Division of the 
Chemical and Dye Corporation, neu 
acriflavine and sodium deoxyribonucl 
from the Nutritional Biochemicals Co 
ration, and methyl green from Hartm) 
Leddon Company; chloramphenicol y 
generously supplied by Charles Pfizer ¢ 
Company. | 


EXPERIMENTAL RESULTS 


We have developed the view that + 
rate at which potential mutants are lc 
as well as the rate at which they are fix 
measures the occurrence of a stabilizi 
event associated with the behavior of DN 
The rates of fixation and loss may be c¢ 
veniently determined in the kinds of exp 
iments illustrated in figure 1. To measi 
the irreversible loss of potential mutatio: 
the irradiated bacteria are maintained 
itially under low-frequency conditions ( 
this case, on minimal agar supplement 
only with a small amount of tyrosine), a 
are transferred, after varying periods 
time, to high-frequency conditions (5 
SEM). As mutations are irreversibly Ic 
the transfer becomes increasingly ineff 
tive in raising the yield of mutations, whi 
is stabilized completely, at the low le 
characteristic of the initial condition, af 
about 30 minutes. To measure the ir 
versible fixation of mutations, the pro 
dure followed is essentially the reverse, 
initial incubation under high-frequer 
conditions being followed by transfer, af 


MF 
e 
oe 
i 
Sy =i 
60 ~ 90 


TIME OF TRANSFER (min AFTER UY) 


g. 1 Mutation frequency decline and muta- 
fixation. Aliquots of irradiated suspension 
d on surface of 5% SEM agar and minimal 
supplemented with 1 wg tyrosine per ml; 
Ss incubated at 37°C., transfers made after 
us times. For MFD, transfer was from mini- 
tyrosine agar to 5% SEM agar. For MF, 
fer was from 5% SEM agar to minimal- 
ine agar. 


ed time intervals, to low-frequency 
r. The “challenge,” in this case with 
no acid deprivation, entirely loses its 
er to reduce the yield of mutations 
r about 60 minutes on the amino acid- 
iched medium. Doudney and Haas 
) have designated these processes 
tation frequency decline,” or MFD, and 
tation fixation,” or MF, and in this dis- 
sion we shall adopt these designations 
convenience. 

asic dyes, used in these experiments as 
ttreatments, were tested for possible 
cts on MFD and MF. 


Effects of basic dyes on MFD 


igure 2 shows the effects of 5 basic 
s-on the loss of potential prototrophs 
er conditions of amino acid depriva- 
. Irradiated bacteria were incubated in 
imal medium supplemented only with 
g of tyrosine per ml, with periodic plat- 
-out on 5% SEM agar. The usual MFD 
ve is obtained, with the yield of muta- 
s fully stabilized at a low level after 
sut 30 minutes. Pyronin fails to affect 
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Fig. 2 Effects of posttreatment with basic dyes 
on mutation frequency decline. One-milliliter ali- 
quots of irradiated suspension added to 9 ml mini- 
mal medium supplemented with 1 wg tyrosine per 
ml, with or without the addition of basic dyes in fi- 
nal concentrations as follows: MG (methyl 
green), 0.01%; CV (crystal violet), 0.0001% ; Py 
(pyronin), 0.0005%; MB (methylene blue), 
0.001% ; TB (toluidine blue), 0.001%. Samples 
were plated out on 5% SEM after various times. 
Survival was not significantly affected. 


QI 


the course of MFD, which is markedly 
slowed, however, by methyl green, crystal 
violet, methylene blue, and toluidine blue. 
All of the dyes were used in concentrations 
that prolonged the time required to com- 
plete the first postirradiation cell division 
by about one hour. Pyronin, which is 
unique among the basic dyes in the selec- 
tive affinity that it exhibits under certain 
conditions for RNA (Kurnick, °55), not 
only fails to retard MFD, but is capable of 
causing MFD when applied under other- 
wise high-frequency conditions, as in nu- 
trient broth. Pyronin thus duplicates in 
all essentials the action of chloramphen- 
icol, amino acid deprivation, and 6-aza- 
uracil. All the other dyes are known to 
stain DNA-containing structures, methyl 
green exhibiting a high degree of speci- 
ficity in its affinity for polymerized DNA 
(Kurnick, *55). 

Figure 3 shows the action of acriflavine, 
the most efficient of all the dyes tested in 
blocking MFD. The experiments with acri- 
flavine are of particular interest since the 
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Fig. 3. Release of acriflavine-blocked MFD by 
sodium deoxyribonucleate. One-milliliter aliquots 
of irradiated suspension added to 9 ml minimal 
medium supplemented with 1 wg tyrosine per ml, 
with or without the addition of acriflavine (final 
concentration 0.0001% ). At times indicated by 
arrows, sodium deoxyribonucleate was added to 
one of the acriflavine-containing tubes (final 
concentration 0.5% ). Samples were plated out 
on 5% SEM agar after various times. Survival 
was not significantly affected. 


biological effects of this compound are 
completely reversed by the addition of an 
excess of sodium ribonucleate (MclIlwain, 
41) or deoxyribonucleate. In figure 3, the 
arrows indicate the times when deoxyribo- 
nucleate was added to the acriflavine- 
blocked MFD tubes. It will be seen that 
removal of this dye from combination with 
cellular components permits the imme- 
diate onset of MFD. Acriflavine is known 
to combine with DNA (Lerman, ’61). 


Effects of basic dyes on MF 


Figure 4 shows that all the basic dyes 
that retard the loss of potential mutants 
under low-frequency conditions also delay 
the fixation of potential mutants under 
high-frequency conditions. Irradiated ty~ 
cells were incubated on 5% SEM plates 
with or without the addition of division- 
retarding concentrations of dyes, and 
“challenged” by transfer to minimal agar 
supplemented only with 1 ug of tyrosine 
per ml. Similar results were obtained when 
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Fig. 4 Effect of basic dyes on mutation fi 
tion. Aliquots of irradiated suspension spread 
surface of 5% SEM agar with or without the a 
tion of basic dyes in final concentrations as 
lows: Ac (Acriflavine), 0.0001%; MG (me 
green), 0.002%; CV (crystal violet), 0.0001 
MB (methylene blue), 0.02%, and TB (tolui 
blue), 0.001%. After various times, trans 
were made by plate-washing and replating 
minimal agar supplemented with 1 wg tyro 
per ml, Survivals remained constant, except 
sampling error, as determined by assays at 
time of transfer. 


the fixation of mutants was challen 

with a 60-minute incubation with c 
amphenicol or pyronin. : 
Enhancement of the mutagenic potency 
ultraviolet light by basic dyes that | 
delay MFD and MF | 


Caffeine, which delays both MFD a 
MF, was found to cause a marked incre 
in the yield of UV-induced prototror 
when added to 5% SEM agar, althou 
it showed no mutagenic activity of its o1 
in unirradiated controls (Witkin, ’58). T 
enhancement was most effective at ] 
doses that are ordinarily followed by « 
tremely short sensitive periods. The mu 
tion-dose curve obtained on caffeine-st 
plemented plates approached linearity, 
contrast to the steeply exponential rise 
mutations with dose ordinarily observ 
This result was interpreted as evider 
that caffeine permits the fixation of 
larger fraction of the potential mutants 


derable portion of which appear to be 
ven under high-frequency conditions. 
exponential mutation-dose curve ordi- 
observed for induced prototrophs 
interpreted as evidence for “self-en- 
ement” by increasing doses of UV 
that prolong the sensitive period in- 
ingly in the low-dose range. The pre- 
m was made that any posttreatment 
ble of extending the sensitive period, 
relatively little inhibition of the syn- 
s of proteins, would increase the yield 
ototrophs above the usual “maximum” 
ned under high-frequency conditions. 
avine, methyl green, crystal violet, 
dine blue, and methylene blue, all of 
h delay MFD and MF, as well as 
in, which does not, were added to 
SEM agar in concentrations that per- 
cell division at a reduced rate. Table 
ows the results of plating both un- 
iated and irradiated bacteria on these 
upplemented high-frequency plates. 
adiated bacteria incubated on the 
ontaining plates give rise to proto- 
s no more frequently than controls 
ing on 5% SEM agar without added 
, demonstrating the nonmutagenicity 
e dyes in this material. Bacteria ir- 
ted with low doses of UV light, how- 
, show the reduced yield expected in 
presence of pyronin and varying de- 
s of enhancement, up to more than 
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tenfold, when incubated on plates contain- 
ing any of the other dyes. It is clear that 
all of the dyes capable of delaying the 
occurrence of both MFD and MF are also 
found to raise the yield of mutations above 
the usual maximum when present under 
high-frequency conditions. Acriflavine, 
the most effective dye in retarding MFD 
and MF, was also found to produce the 
highest degree of enhancement. 

Figure 5 shows the frequency of proto- 
trophs obtained after exposure to two low 
doses of UV light by plating on a variety 
of postirradiation media. Variations in 
survival are negligible at these doses as 
compared to the large differences in muta- 
tion frequency. At the low-frequency end 
of the spectrum, the yield may be raised 
by increasing the amount of amino acid 
enrichment, or by removing inhibitors of 
RNA or protein synthesis. The rate of 
growth is maximal at an enrichment level 
of about 5%, and the mutation frequency 
cannot be raised further by additional 
nutrient broth or amino acid enrichment. 
The yield of mutations can be further 
increased, however, by the addition of in- 
hibitors that delay MFD and MF. Con- 
sidering the continuum of mutation fre- 
quencies obtainable under these conditions, 
there is no reason to suppose that high- 
frequency conditions necessarily permit 
the fixation of 100% of the potential proto- 


TABLE 1 


Effects of addition of basic dyes to the postirradiation culture medium on the frequency 
of ultraviolet-induced prototrophs 
Final concentrations of dyes added to 5% SEM agar: pyronin (Py), 0.0005% ; methyl 
green (MG), 0.002% ; crystal violet (CV), 0.0001% ; methylene blue (MB), 0.02% ; toluidine 
blue (TB), 0.001% ; acriflavine (AC), 0.0001%. Plating volume 0.1 ml in all cases. 


, — coloni Ty+t colonies 
UV dose Pee orb ee Lantion) (100 dilution ) 
0 = 175, 204 9, 6 
Py 163, 188 14, 12 
MG 2105 202 4, rd 
CV 160, 169 55 11 
MB 181, 188 5; iB} 
TB IEPA. ts lESX0) 13s 8 
Ac 169, 208 95 5 
2 — 183, 195 ORE. 256 
panes Py 149, 160 42, 31 
MG 168, 187 1560, 1380 
CV 118, 123 1260, 910 
MB 175508 163 841, 896 
TB 181, 203 736, 812 
Ac 149, 160 2900, 3960 


140 


{04-5 5%) _@ + AC 
SEM (5%) ee: 

+CV 

Zen 


{03-4 


@ SEM (5%) 
ve © SEM (3%) 
Lp SEM (1%) 
6 
es eSEM+PY 
° (5%) 
“en MIN 


T 
100 200 
* UV DOSE (ergs/mm?) 


INDUCED PROTOTROPHS PER 10® SURVIVORS 
ro) 
nN 
1 


=, 
300 


10'4 
0 


Fig. 5 Frequency of induced prototrophs ob- 
tained on various postirradiation plating media. 
Aliquots of irradiated suspension plated on mini- 
mal medium supplemented only with 1 yg tyro- 
sine per ml (Min), on 5% SEM containing 
0.0005% pyronin (Py); 0.0001% acriflavine (Ac); 
0.1% caffeine (Caf); 0.002% methyl green (MG); 
0.0001% crystal violet (CV); 1% SEM; 3% SEM, 
and 5% SEM. Survival range for 100-erg dose, 
94-100% ; for 200-erg dose, 74-91%. 


trophs. The nonmutagenicity of these dyes 
in unirradiated bacteria suggests that the 
enhancement represents fixation of a larger 
fraction of the UV-induced promutants, 
rather than the additive or synergistic 
effect of independent mutagens. 


DISCUSSION 


The finding that basic dyes capable of 
interfering with mutation fixation are also 
effective in blocking mutation frequency 
decline makes it necessary to consider the 
possible relation of MFD to the behavior 
of DNA. There seems little doubt that the 
fixation of mutations is intimately asso- 
ciated with DNA replication. This conclu- 
sion is based on the finding that MF is 
blocked by thymine deprivation in a thy- 
mineless strain (Weatherwax and Land- 
man, ’60), and that fixation as determined 
by a photo-reversal challenge also parallels 
the synthesis of DNA (Doudney and Haas, 
60). The metabolic inhibitors found to 
retard MF, including UV light and caffeine 
(Witkin, °58), acriflavine, methyl green, 
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crystal violet, methylene blue, and tox 
dine blue, have, as a common denomina 
the ability to inhibit DNA synthesis, ¢ 
at least two (UV light and methyl gre¢ 
are highly specific in their effects on D. 
The association of MF with DNA synthe 
thus appears to be established bey@ 
serious doubt. 4 
Accepting the relation between MF ¢ 
DNA replication, what significance canf 
ascribe to the blockage of MFD by | 
same metabolic inhibitors that block f 
tion? First of all, it is clear that MFD be 
no direct relation to the net synthesis} 
DNA. MFD runs far ahead of DNA sj 
thesis in time (Doudney and Haas, °59 
and its occurrence to completion does 
substantially alter the subsequent rates 
RNA, protein, or DNA synthesis (Doudi 
and Haas, 60). Moreover, MFD is 
blocked by thymine deprivation in a t 
mineless strain (Weatherwax and La 
man, 60). The absence of any correlat 
between MFD and net synthesis of DN. 
further underlined by the finding of Ha 
and Ziporin (758) and of Draculié 
Errera (’59) that UV-irradiated bacte 
are unable to recover the ability to s 
thesize DNA if protein synthesis is i 
ited (by chloramphenicol or deprivatio 
a required amino acid) immediately ! 
the exposure. Thus, although MFD is : 


tarded or prevented by many inhibitor 
DNA synthesis, some quite specific in t 
effects on DNA, its course bears no re 
tion to measurable increase in DNA. | 

These observations may be most read 
accounted for by the assumption that 1 
primary effect of UV light in initiati 
mutagenesis is the production of unsta 
changes directly in genic DNA. Doudr 
and Haas (58, 59a, 60) have propose 
hypothesis presuming an indirect mec! 
nism of DNA replication, according 
which UV-modified RNA precursors tra 
fer new information to subsequer 
formed DNA through an RNA-protein 
termediate. Lieb (60) invokes an unsta 
mutagen, decaying at a rate indepe 
ent of DNA synthesis, the concentrat 
of which at the time of DNA dupli 
tion determines the yield of mutatio 
According to any hypothesis assuming t 
MFD measures the loss of mutagenic in! 
mediates, or of mutagens decaying a 


independent of DNA synthesis, it 
d be difficult to account for the block- 
of MFD by inhibitors that also block 
nd DNA replication. 

arting with the assumption that the 
ary target of UV light is DNA itself, 
othesis can be developed to account 
he following major observations: (1) 
potential mutations are lost under 
itions unfavorable to protein or RNA 
hesis; (2) that potential mutations are 
under conditions favorable to protein 
RNA synthesis; (3) that many inhib- 
of DNA synthesis retard or block both 
and MF; (4) that thymine depriva- 
in a thymineless strain blocks MF, but 
MFD, and (5) that inhibitors capable 
terfering with MFD enhance the mu- 
nic potency of low doses of ultraviolet 


ssuming that mutagenesis begins with 
production of reparable damage in 
, the loss of potential mutations under 
frequency conditions may be consid- 
to result from repair of the UV-pro- 
d damage. The presence of amino 
s under high-frequency conditions 
t be assumed to interfere with repair, 
laps by some physical association of 
machinery of RNA and protein syn- 
sis with DNA. MEFD, therefore, is re- 
before replication; MF is replication 
out repair (or with imperfect repair ). 
inhibitors that interfere with both 
and MF might do so through a single 
ct on DNA, altering its properties in 
a way as to prevent both repair and 
ication. Such a dual action would 
easily imagined in the case of acri- 
ine, for example. Acridines are known 
ombine with the DNA backbone, prob- 
y by intercalation between the bases, 
h extension of the backbone and revers- 
, destruction of the helical properties of 
molecule (Lerman, 61). Such modifi- 
ion of the DNA helix might well inter- 
> with both repair and replication. Thy- 
1e deprivation in a thymineless strain, 
yvever, would be expected to interfere 
y with the production of new DNA, and 
uld therefore prevent MF, but there 
wld be no good reason to expect any 
ference with repair in this case. The 
ling that thymine deprivation blocks 
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MF but not MFD (Weatherwax and Land- 
man, 60) confirms this view. 

According to this DNA-repair hypothesis, 
the enhancement obtained by posttreat- 
ment of irradiated auxotrophs with MFD- 
retarding agents is readily explainable as 
another manifestation of their action in 
preventing repair. If we assume that, at 
low doses of UV light, there is considerable 
repair even under high-frequency condi- 
tions, so that a large fraction of potential 
prototrophs is ordinarily lost, the action of 
caffeine, acriflavine, and the other “en- 
hancers” may be interpreted most simply 
as the “rescue” of these promutants through 
prevention of repair. In other words, the 
“enhancers” stabilize the UV-provoked le- 
sions in much the same way as do amino 
acids, but they do so more efficiently than 
amino acids at low doses of UV. If en- 
hancement is indeed the consequence of 
repair-prevention, as proposed here, thy- 
mine deprivation in a thymineless strain, 
which blocks MF (replication) but not 
MFD (repair), should cause no enhance- 
ment. No enhancement has been described 
as a consequence of thymine starvation 
(Weatherwax and Landman, ’60). 

Further evidence that the primary target 
of UV light in the induction of prototrophs 
is DNA comes from the photoreversibility 
of the potential mutations (Doudney and 
Haas, 60). Potential prototrophs are elim- 
inated (before DNA replication) just as 
effectively by exposure to visible light as by 
incubation with chloramphenicol, strongly 
suggesting that the same premutational 
lesions are being affected by the two kinds 
of posttreatment. Recent work on photo- 
reactivation has shown that enzymatic re- 
pair of damage to DNA is the basis of pho- 
toreversal of effects produced by UV light 
(Goodgal et al., 57; Rupert et al., 58; Ru- 
pert, 60). The loss of mutations under 
conditions of amino acid deprivation or 
chloramphenicol inhibition, therefore, may 
well reflect the operation of an alternative 
mechanism of repair, operating in the dark 
under low-frequency conditions, of the 
same initial damage. 


SUMMARY 


Posttreatment with basic dyes, in con- 
centrations that retard cell division, was 
found to influence the induction of muta- 
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tions to prototrophy by UV light in a tyro- 
sine-requiring strain of E. coli. Pyronin, 
which is unique among the dyes in its 
selective affinity for RNA, was found to 
duplicate the effects of chloramphenicol or 
amino acid deprivation in causing the 
rapid and irreversible loss of potential pro- 
totrophs (mutation frequency decline, or 
MFD). Acriflavine, methyl green, crystal 
violet, methylene blue, and toluidine blue, 
all of which are known to combine with 
DNA, delay or retard the occurrence of 
MFD under conditions of amino acid dep- 
rivation. When acriflavine is removed 
from its combination with cellular com- 
ponents by the addition of an excess of 
sodium deoxyribonucleate, MFD_ begins 
promptly. The same basic dyes that delay 
MFD were also found to interfere with the 
fixation of mutations (MF) in an amino 
acid - enriched medium, and to cause 
marked enhancement of the mutagenic po- 
tency of low doses of UV light. While 
showing no independent mutagenic activ- 
ity for unirradiated bacteria, all the dyes 
except pyronin increased the yield of in- 
duced mutations significantly when added 
to the enriched medium upon which irra- 
diated bacteria were incubated. 

These results were interpreted as evi- 
dence that UV light initiates mutagenesis 
by producing unstable changes directly in 
genic DNA. MFD is interpreted as a repair 
process, blocked by the machinery of RNA 
and protein synthesis and by the presence 
of certain basic dyes. 


OPEN DISCUSSION 


LirB* : I would like to say that I never 
did say, or mean to say, that I thought 
the primary product was not in the DNA. 
I want to ask Dr. Witkin how she thinks 
UV produces a non-complementary base 
in the DNA. 

WITKIN: Several ways have been pro- 
posed that make it feasible to suggest this 
as a possible effect of UV. The hydration 
of cytosine, for example, could lead to this 
result. 

Lies: The only solid hypothesis I have 
heard at this meeting is the formation of 
the thymine dimer. Will a thymine dimer 
fit the hypothesis? 

WITKIN: My hypothesis does not pro- 
pose any specific kind of damage. It sug- 
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gests that the primary lesion is in [ 
and that the loss of mutations is dud 
repair. It is quite possible to think of i 
terms of dimer formation, although o1 
kinds of damage would fit equally wi 
The data I have presented do not bean 
the specific nature of the UV-ind 
damage. 

AUERBACH’: I wish to make a st 
ment about something which I tho 
was misleading. It is the statement t 
posttreatment protein synthesis is not 
essary after mutagenic chemical age 
I discussed this with Strauss. It may 
his interpretation is right, but I think 
evidence is not convincing. 

Strauss induced tryptophan reversi 
in E. coli either by UV or by di-ethylsulf 
Both treatments produced more mutati 
when plating was done on broth than wh 
it was done on minimal medium. The 
difference was that when he kept 
treated bacteria for one hour in li 
medium without protein synthesis 
then plated on broth, the number of mu 
tions induced by UV was drastically ' 
duced, while the number of chemic: 
induced mutations was the same as wl 
he plated directly on broth. I think all 
can conclude from this experiment is t! 
one hour of postincubation without q 
tein synthesis is too short a time to redi 
mutation frequency after the chemi 
treatment. In fact, when the posttre 
ment was followed by plating on mini 
medium, there was the same effect of 
posttreatment after chemical treatment 
after UV. Dr. Strauss has a different int 
pretation for this, but without further « 
dence mine seems the simpler. 

KIMBALL’ : I would like to raise a po 
of interpretation. In experiments w 
mutation frequency decline, there 
usually two periods to consider, the per 
of incubation in some agent or medi 
that “promotes” decline and the suk 
quent period after plating and before » 
final fixation of mutation by DNA s 
thesis. Only the duration of the forr 


4 Margaret Lieb, University of Southern C 
fornia, Los Angeles. 

5 Charlotte Auerbach, Institute of Animal 
netics, Edinburgh, Scotland. 

5 R. F. Kimball, Oak Ridge National Laborat 
Oak Ridge, Tennessee. 


d is usually plotted, and this may be 
eading if the curves are interpreted 
nean that the changes in the mutation 
ess are really confined to this period. 
is connection, I would like to ask Dr. 
in what are the possibilities that some 
er decline curves reach a lower limit 
use the combined effects of the two 
ods reduce premutational damage to 
er, irreversible limit, not because this 
t is reached during the first interval. 
ITKIN: It is certainly true that the 
e period between exposure to radiation 
duplication of DNA must be consid- 
in any postirradiation influence on 
ation frequency. In the case of the 
ine curves presented in this paper, I 
ot think that the period between plat- 
out and DNA duplication contributes 
e reduction of the mutation frequency, 
e the plating medium used was one 
wn to support a high yield of induced 
ations. Further evidence that the de- 
e in mutation frequency is accom- 
hed during the interval of treatment 
e fact that the same low yield is ob- 
ed whether the final plating medium 
nriched with amino acids or not. 
[EINMETS’: I have a question about 
s. Was this experiment being done 
he dark or under anaerobic conditions 
has there been any attempt made to 
ove dyes by ionic substitutions? (This 
stion is related to phytodynamic ac- 


ITKIN: The experiment was done in 
dark, not anaerobically. The only re- 
al of the dye was with nucleate rever- 
Otherwise, the posttreatment was 
ed-by diluting out of the dye tube and 
re were no residual effects of the dyes. 
EINMETS: Has dye effect been tried in 
medium? 
ITKIN: The posttreatments in which 
dyes were tested for their effect on the 
s of mutations were given in liquid. The 
steria were maintained in dye-contain- 
x liquid and plated out at various times. 
[irB: Is there any evidence there is a 
by error, which would give rise to mixed 
nes of mutants? If we study the in- 
ase in the parental cells and in the mu- 
its after UV, the parental cells—the 
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number of cells per volume—will show a 
short lag and then go up logarithmically. 

The frequency of mutants assayed on 
semi-enriched plates will show a longer 
lag and then go up at the same rate so the 
mutants do not have a different rate of 
growth. 

If we study the difference in lag we find 
that when the mutant frequency starts to 
increase, the non-mutants have increased 
by a factor of 4; this I think supports seg- 
regation of mutants. 

WITKIN: I think it is not possible in 
that kind of experiment to distinguish be- 
tween segregation of multiple nuclei and 
segregation of components of single ge- 
nomes. It is necessary to control nuclear 
multiplicity before such data can be useful. 

Lies: The number of stationary phase 
B/r is two so far as we can see them in 
stained preparations. 

WITKIN: There are ways of studying 
this with an absolute control over the nu- 
clear multiplicity which I think will give 
a clearer answer. 

R. SETLOW* : Apropos of the number of 
nuclear bodies, I should say there exists 
radioaudiographic evidence that there are 
four large DNA structures in E. coli. 

LiEB: At what stage of the culture? 

R. SETLOw: Exponential growth. 

Lies: And at stationary phase? 

R. SETLOW: Two. 
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Light of Recent Advances 
C. O. DOUDNEY 


Houston, Texas 


the ultraviolet light (UV) induced 
rsion of certain auxotrophic strains 
scherichia coli, the terminal process 
ugh which the genetic change is in- 
orated into the genetic apparatus ap- 
s to be the initial postirradiation syn- 
is of deoxyribonucleic acid (DNA). 
ee lines of evidence support this view. 
he first place, loss of photoreversibility 
orrelated with the progression of DNA 
hesis (Haas and Doudney, 60; Doud- 
and Haas, ’60), suggesting that DNA 
hesis is the copying event leading to a 
tostable “error” in the genome. Sec- 
y, mutation expression occurs only 
r DNA synthesis (Haas and Doudney, 
. Furthermore, expression requires 
ein synthesis after DNA _ synthesis 
as and Doudney, 759). Finally, the ab- 
ce of thymine with consequent block- 
of DNA synthesis prevents expression 
mino acid independence in thymine- 
and amino-acidless polyauxotrophs 
udney and Haas, 60, unpublished 
a). It thus appears clear that the func- 
al mutated gene is formed with DNA 
ication. 
t the time that Dr. Witkin (756) re- 
ted her initial studies in this area, Dr. 
ix Haas and I were studying UV in- 
ed mutation using a different approach. 
found that supplementation with the 
ines and pyrimidines occurring in ribo- 
sleic acid (RNA) markedly increased 
‘mutation frequency of “color variants” 
eosin-methylene blue agar (Haas and 
udney, 57), suggesting the hypothesis 
t nucleic acid precursors altered in vivo 
UV might serve as mutation inducing 
nts when subsequently incorporated 
9 nucleic acid. 


cleic Acid Formation and Ultraviolet Light-Induced 
tation in Bacteria: Some Considerations 


Section of Genetics, Department of Biology, The University of Texas, 
M. D. Anderson Hospital and Tumor Institute, 


On learning of Witkin’s results, we 
turned to studies of postirradiation proces- 
ses (Doudney and Haas, 58; 59; 60). 
We suggested the term “mutation stabili- 
zation” for those interactions dependent 
on amino acids and increasing or support- 
ing mutation prior to any net measurable 
macromolecular synthesis (fig. 1). It is 
our view that the effectiveness of mu- 
tation stabilization determines mutation 
frequency under ordinary conditions. 
Thus, in this special sense, the original 
view of Witkin (’56) that protein synthesis 
determines the level of mutation induction 
appears to be valid. Although the nature 
of mutation stabilization is not known, it 
is quite attractive to interpret it as a tem- 
plating or preparatory process to gross 
macromolecular synthesis in the UV-ex- 
posed cell. The evidence further sug- 
gested that, if mutation stabilization does 
not occur, an antagonistic or competitive 
process occurs which removes the potential 
mutation from pathways leading to muta- 
tion induction (Doudney and Haas, ’59). 
This process we have termed “mutation 
frequency decline.” If one assumes that 
the potential mutation resides initially in 
the DNA existing at the time of UV irradi- 
ation, then the process of decline may be 
ascribed to repair of the UV damage in 
DNA. If the alternate view is taken that 
the potential mutation resides in a UV 
modified nucleic acid precursor, then any 
process removing this precursor from the 
synthetic pathways of nucleic acids in- 
volved in genetic replication would pre- 
vent mutation. Whatever the nature of 
the process of mutation frequency decline, 
it is evident that this enzymatic process 
can be carried to completion in the absence 
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POSTIRRADIATION INCUBATION (min) 


Fig. 1 The time course of several operationally-defined postirradiation processes of muta- 
tion induction by UV in relation to the synthesis of RNA and DNA in the culture. —, Muta- 
tion stabilization is determined by incubation at 37°C. in an amino acid-rich medium 
after UV exposure and then plating at the indicated times on minimal agar medium con- 
taining 2.5% nutrient broth. ———, Mutation frequency decline is determined by adding 
6-azauracil, 50 wg per ml, or chloramphenicol, 20 wg per ml, to the culture in 
the above amino-acid rich medium immediately after UV exposure, followed by incubation 
of the culture for the indicated times prior to plating on the nutrient broth containing agar 
medium. , Mutation fixation is determined by adding chloramphenicol or 6-azaura- 
cil to the culture after incubation in amino acid-rich medium for the indicated periods of time | 
and then incubating in the presence of the antimetabolite for an additional 30 minutes prior | 
to plating on nutrient broth supplement agar medium. -- -, “Mutation incorporation” is visual- | 
ized by incubation of samples for the indicated periods of time after exposure in the amino- | 
| 
’ 


acid containing medium and then exposing them in the cold to intense white light for one © 
hour prior to plating (photoreversal challenge). - -- ----, Mutation expression is measured by | 
plating on unsupplemented minimal agar medium after incubation in amino acid-rich 
medium containing the required amino acid. Incubation on agar medium is for | 
3 days at 37°C. All these experiments were carried out with Escherichia coli strain WP2, — 
a tryptophan-requiring strain, and reversion of this requirement is followed. Comparable 
results have been found with several other strains. UV dose resulted in about 50% survival © 
and was measured as about 900 ergs per mm’. Cell division begins at about 100 minutes 
and the number of colony-forming organisms doubles in 10-15 minutes. The basic tech- 
niques used are described by Doudney and Haas (60). 


of RNA, DNA and protein synthesis and 
without influencing materially the timing 
or rate of subsequent macromolecular syn- 
theses definitely involved in mutation in- 
duction (Doudney and Haas, ’60). 

What happens to the potential mutation 
if mutation stabilization takes place rather 
than mutation frequency decline? We 
demonstrated that postirradiation incuba- 
tion in medium containing amino acids led 
to fixation of the potential mutation in the 
sense that agents that block RNA or pro- 
tein synthesis would no longer promote 
mutation frequency decline, after some 
synthetic event had occurred (Doudney 
and Haas, 758). We expected that this 
synthetic event would turn out to be DNA 


synthesis. However, we established th 
mutation fixation is correlated with t 
initial doubling of RNA in the cultu 
(Doudney and Haas, ’59). Studies wi 
thymineless amino-acidless strains indic< 
that mutation fixation proceeds in t 
absence of thymine. This is in harmo 
with the findings of Harold and Zipor 
(58) and Doudney (’59), that recove 
from the UV-induced block to DNA sy 
thesis occurs in the absence of thymine 
a thymineless strain. A relation has be 
established between the amount of po 
irradiation RNA synthesized at the time 
chloramphenicol addition and the rate 
DNA synthesis in the presence of chl 
amphenicol (Doudney and Haas, ’6( 


se studies suggest that only where some 
A and protein moiety necessary to and 
limiting for genetic replication is 
ed, prior to chloramphenicol addition, 
DNA be produced with consequent 
ablishment of mutation in the genome. 
this RNA and protein has not been 
med at the time of chloramphenicol 
ition, the potential mutation is lost 
ough the process of mutation frequency 
line. It seems likely that the RNA and 
tein involved in mutation fixation is 
ntical with that involved in the post- 
adiation recovery of the DNA synthe- 
ing mechanism. 

ecently, we have been studying the 
ect on mutation induction and DNA syn- 
sis of certain analogues which may be 
orporated into RNA to interfere with 
cromolecular function. Among these 
alogues, 5-hydroxyuridine has proved to 
the most interesting and useful (Doud- 
and Haas, ’59; 60). 5-Hydroxyuridine 
s the interesting capacity to block the 
ation of the adaptive enzyme, $-galac- 
idase, while allowing RNA and protein 
thesis to continue (Spiegelman, Halvor- 
and Ben-Ishai, 55). We have shown 
t this analogue produces a decrease in 
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mutation frequency in correlation with 
the initial doubling of RNA in the culture 
(fig. 2). The most reasonable hypothesis 
to explain both of these effects is that the 
incorporation of 5-hydroxyuridine into 
RNA results in biologically modified RNA 
which leads, in one case, to non-enzymatic 
protein and, in the other, to non-functional 
or non-genetic DNA. At least, with this 
uracil analogue system, we can study rele- 
vant changes in DNA resulting from 
analogue incorporation into RNA on both 
a macromolecular and genetic basis, with 
some hope of getting significant answers. 
Considerations of this sort, of course, 
led us to the expression of our rather un- 
orthodox hypothesis for DNA replication 
and mutation induction (Doudney and 
Haas, 58; 59). According to this hypoth- 
esis, DNA synthesis (at least after UV ex- 
posure) involves transfer of information 
from the parental DNA to the daughter 
DNA through an RNA-protein intermedi- 
ate. On this basis, incorporation of a UV- 
modified RNA precursor into the single- 
stranded RNA would lead to a copying 
error involving the substitution of a dif- 
ferent nucleotide pair in the subsequently 
formed daughter double-stranded DNA. 
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Fig. 2 The effect of 5-hydroxyuridine on the yield of prototrophs from Escherichia coli 
strain WP2 with postirradiation incubation. The 5-hydroxyuridine was added pees 
following UV exposure to the culture in a minimal medium supplemented with a rich supply 
of amino acids including tryptophan (Doudney and Haas, 60). b 
medium supplemented with 2.5% nutrient broth was at the indicated times. 


Plating on minimal agar 
Uridine (50 ug 


per ml) is added after 55 minutes incubation so that any 5-hydroxyuridine effect on DNA 


synthesis is reverse 


d. The techniques used are described by Doudney and Haas (’60). 


@, mutation (+ 5-hydroxyuridine); O, RNA (+ 5-hydroxyuridine); A, DNA. 
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If the Watson-Crick hypothesis for DNA 
replication holds after UV exposure, then, 
of course, we must adapt our theories to 
this model. It is not mandatory that we 
abandon this hypothesis to rationalize our 
data. Rather, it may be that this direct 
mechanism for DNA replication actually 
holds after UV exposure, but that the RNA- 
protein component which our data indi- 
cates plays an intimate accessory role to 
DNA synthesis, so that a UV-created muta- 
gen incorporated into the RNA could modi- 
fy the newly formed DNA. 

What we need to understand now is 
the molecular mechanism of DNA replica- 
tion following UV exposure. Our studies 
and the studies of others leave little doubt 
that the synthesis of some RNA and pro- 
tein moiety is requisite to DNA synthesis 
in UV exposed cells (Harold and Ziporin, 
58; Doudney, 59; Drakulic and Errera, 
°59; Doudney and Haas, ’60). Further, 
recent work by Doudney and Billen (61) 
seems to eliminate the possibility of the 
enzymes, DNA polymerase or thymidine 
kinase, being involved in the UV-induced 
block to DNA synthesis. Exposure of cul- 
tures to energy levels of UV far above those 
required to block completely DNA syn- 
thesis in vivo does not decrease the thy- 
midine-incorporating activity of cellular 
extracts. Furthermore, a marked increase 
in these enzymes occurs during the period 
of blocked DNA synthesis. Thus we must 
look elsewhere than the Kornberg enzyme 
for the RNA-protein moiety involved in 
DNA replication and mutation induction 
following UV exposure. 

If there is no effect of doses of UV that 
block DNA synthesis on polymerase, then 
very possibly the in vivo UV induced block 
is caused by a UV effect on the “primer,” 
that is to say, the cellular DNA. It is known 
that in vitro DNA synthesis requires that 
the “primer” be in the single-stranded con- 
dition. If this is the case in the cell then 
the in vitro effect of UV on DNA described 
earlier by Dr. Marmur might underlie the 
UV-induced block to DNA synthesis. Ac- 
cording to Dr. Marmur, the strands of 
DNA are held together by some photochem- 
ical effect of UV absorption. We might then 
assume that DNA synthesis is prevented 
by UV because the strands of DNA can- 
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not be separated by cellular mechanis# 
to make them available as “primer” 4 
action of the Kornberg system in vivo. 

Logically, then, the recovery of DN 
synthesis after UV exposure (throu 
RNA and protein synthesis) would ha: 
to be due to one of two mechanisms. T] 
RNA and protein formed could be invol 
in repair of the UV-induced lesions whi 
hold the single strands of DNA togeth 
On the other hand, the cell may posse 
an alternate mechanism for DNA replic 
tion, when the direct replication mech 
nism is blocked, involving transfer of 
formation from double stranded DNA 
some intermediate RNA-protein struct 
and back to daughter DNA. This secor 
hypothesis seems the more plausible of t} 
two in light of our mutation studies, esy 
cially those with 5-hydroxyuridine. 
have suggested that most of the mutati¢ 
induction data, as well as the necessity fi 
RNA and protein synthesis in DNA repli 
tion following UV exposure, could be a 
counted for by the assumption of such ¢ 
alternative mechanism of DNA repli 
tion following UV exposure (Doudney a 
Haas, ’60). 

According to this model, chlorampher 
col-sensitive UV induced mutation “ 
depend on two radiation effects: (1) blo 
age of DNA synthesis by UV, causing) 
transfer of information through an RN! 
protein intermediate, and (2) the esta' 
lishment of the photochemical modific 
tion which eventually results in mutatic 
(presumably the UV-modified nucleic ac 
precursor). These UV effects clearly a 
not identical. Chloramphenicol or oth 
agents that interfere with RNA or prote’ 
synthesis prevent mutation but do not r 
verse the UV-induced block to DNA sy 
thesis. According to this model, the indu 
tion of the alternate mechanism of DN 
replication by UV is a necessary pr 
requisite to the chloramphenicol-sensiti 
mutation mechanism. Mutation then wou 
result through the incorporation of t 
modified nucleic acid precursor into t 
intermediate RNA strand. 

We suggested that photoreversal of m 
tation is due to an effect of white light 
the photochemical change (the UV ma 
fied precursor) which leads to mutatic 


udney and Haas, 60). However, it 
s more likely (especially, in view of 
Rupert’s results on photoreversal of 
induced lesions in DNA via an enzy- 
ic mechanism) that the prevention of 
ation induction by white light is due 
he photoreversal of the UV-induced 
k to DNA synthesis. This reversal of 
block would allow the return to direct 
replication via the Kornberg system 
result in bypassing the mutagenic 
hanism based on the formation of 
intermediate RNA-protein structure. It 
ld be expected, according to this model, 
photoreversal would be successful in 
enting mutation by causing a switch 
k to the direct replication mechanism, 
until the time of DNA replication via 
alternate mechanism. This possibility 
agreement with experimental findings 
as and Doudney, 60; Doudney and 
s, 60). 
similar effect on “choice” between al- 
ate DNA replication mechanisms may 
involved in the mode of action of caf- 
e and the DNA-combining dyes in in- 
sing the frequency of mutations, as 
cribed earlier in this conference by Wit- 
The mode of action of these agents 
y be to help bind the DNA strands to- 
er at dose levels of UV near the thresh- 
of the binding effect and thus to in- 
ase the frequency of adoption of the 
tagenic alternate mechanism of DNA 
lication in the cell population. 
ow might the alternate mechanism of 
A replication have come about? Of 
rse, it could be the primitive mecha- 
m. We have pointed out the attractive- 
s of this indirect mechanism of DNA 
lication from the viewpoint of under- 
nding the evolution of heterogenetic 
ivity from the replicative process (Doud- 
and Haas, 59). According to this 
w, the Kornberg system evolved later 
a more efficient and advantageous 
chanism which is less subject (obvi- 
sly) to the deleterious effects of too fre- 
ent mutation induced by UV from the 
. The primitive mechanism might have 
en retained, however, because cells pos- 
sing this mechanism in reserve in addi- 
m to the Kornberg mechanism might 
joy a selective advantage, in life in sun- 
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light. These cells might meet more suc- 
cessfully the ages-long challenge to the 
Kornberg system by sunlight (based on 
UV-induced bonding of the strands), by 
being able to resort, as the environment 
demanded, to the primitive mechanism. 
On the other hand, perhaps the indirect 
mechanism is an evolved reserve mecha- 
nism of DNA replication in cells whose 
Kornberg system of DNA replication was 
constantly being challenged by the sun. 
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OPEN DISCUSSION 


Kapa’: I think that the main differ- 
ences between the speakers concerns the 
mutational sites of irradiation and the 
model of DNA replication following UV 
irradiation. 

We have some results that might throw 
some light on these considerations. The 
experiments are concerned with mutation 
response to a second irradiation of bacteria 
that have been primarily irradiated and 
incubated for varying periods of time. 

The strain used was E. coli B/r WP2 
try” grown overnight in a synthetic me- 
dium. This culture was irradiated with 
UV and incubated in the presence of a 
complex supply of amino acids plus trypto- 
phan. The cells were washed at different 
times of incubation, irradiated again with 
UV and plated on minimal agar plates 
without tryptophan. The portion of muta- 
tions induced by the second irradiation, 
after subtraction of those induced by first 
irradiation, increased remarkably with in- 
cubation and in the absence of DNA syn- 
thesis in the earlier incubation periods, 
and then decreased abruptly at about the 
time when the amount of DNA doubles 
before cell division. 


1 Tsuneo Kada, The University of Texas, M. D. 
Anderson Hospital, Houston. 


150 c 


This disappearance of such a mutation 
response prior to the time of DNA replica- 
tion is difficult to interpret by the suppost- 
tion that the observed mutation response 
does not relate to increased genetic change, 
but concerns the modification of degree 
of expression of the mutations since ex- 
pression is only observed after DNA for- 
mation. Rather it would appear that a 
certain constant proportion to total muta- 
tions is always expressed on minimal 
medium and that we are following an in- 
crease in mutation frequency response by 
observing the increase of the quantity 
which is expressed on minimal. 

If this is really so, the increase in muta- 
tion induction by the second irradiation 
observed here is not correlated with DNA 
synthesis, but rather with some capacity 
which is formed prior to DNA synthesis. 
The hypothesis proposed by Dr. Doudney 
is convenient to explain these observations. 
Thus, some special RNA-protein structure 
intermediate in DNA synthesis is formed 
after UV exposure which, when irradiated, 
results in increased mutation upon forma- 
tion of DNA. We have found, incidentally, 
that chloramphenicol blocks the formation 
of the increased capacity for mutation 
response. 
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r at least 34 years now it has been 
in that radiation can bring about 
tic changes. Those that were true 
mutations, it was believed, were 
ed by a simple physical interaction of 
radiation with the gene, and that, con- 
ently, these events were final at the 
ent of such interaction. There exists, 
ever, another class of radiation-in- 
d mutations, the so-called intergenic 
ations, or aberrations, that come about 
the breakage and subsequent rear- 
ement of the chromosomes. In this 
r, we will examine the thesis that the 
tic effects of radiation detected as 
mosome aberrations are the conse- 
ce of localized chromosomal lesions, 
are subject to modification after ir- 
ation. 

he concept of localized and reparable 
ms has been long established for 
aberrations, having been 
ed clearly by Stadler as early as 1932, 
goes back to the early development 
he breakage-first hypothesis during the 
0’s (see Muller, 54, for a history of 
). It was firmly established by the 
eer work of Sax (740, 41) on Trade- 
ntia and was formulated in consider- 
detail in Lea’s book (46). The main 
clusions were that ionizing radiations 
ke the chromosomes and that the broken 
Is then could either reunite with ends 
m other breaks to form exchanges, or 
titute by rejoining in the original con- 
ration. It was soon realized that the 
at majority of breaks undergo restitu- 
qal rejoining and, as suggested by most 
the evidence, that the repair by restitu- 
1 is complete (Lea, 46). Whether or 
there were also some breaks that were 
-ejoinable and so nonreparable has been 
subject of considerable speculation. 


e Postirradiation Phenomena that Affect the 
uction of Chromosome Aberrations 


Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 


Chromosome aberrations 


Until 1954, rejoining was generally be- 
lieved to be a physical process, and was 
described by the simple terms we have 
used—rejoining, reunion, and restitution. 
It then became apparent to us, however, 
that when breaks rejoin, stable molecules 
are formed in the sense that the rearranged 
chromosomes are able to persist in their 
new form. Since this was the case, we 
postulated that the rejoining was not a 
simple physical fusion of the ends but 
came about by the formation of chemical 
bonds (Wolff and Luippold, 55). If this 
assumption were correct, then we expected 
the process of rejoining to require energy 
and even perhaps an enzyme, as was neces- 
sary for almost all biosynthetic processes 
that occurred in the cell. In spite of the 
fact that we do not know exactly how a 
chromosome is constructed, it was possible 
to attack these problems with the use of 
metabolic inhibitors. 

Since the aberrations observed are the 
result of at least two processes, breakage 
and subsequent rejoining of breaks, it was 
impossible to demonstrate rigorously that 
the effect of an auxiliary treatment with 
radiation was on only one of them to the 
exclusion of the other. In other words, a 
treatment that would decrease the num- 
bers of visible aberrations could conceiv- 
ably either decrease the numbers of breaks 
or increase the amount of restitution. In 
order to escape from this dilemma we re- 
sorted to dose-fractionation studies on two- 
break aberrations, which increase as the 
square of the dose (Wolff and Luippold, 
‘ok 

The rationale for such experiments is 
that if the radiation is broken into two 
doses separated by a time sufficient for all 


1Qperated by Union Carbide Corporation for 
the U. S. Atomic Energy Commission. 
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of the ends to rejoin, then the yield of aber- 
rations will be the sum of those aberrations 
produced by the breaks from the first dose 
rejoining with themselves to form di- 
centrics and rings plus the aberrations 
produced from the breaks of the second 
dose rejoining among themselves. If, how- 
ever, after the breaks have been induced 
with the first dose, something is done to 
inhibit their rejoining so that they will be 
open and capable of rejoining after the 
breaks from the second dose have been 
produced, then the breaks from the two 
doses will be present concurrently, able to 
rejoin with each other, and the yield will 
be proportional to the square of the total 
dose administered (Wolff and Atwood, 
54). 


Metabolism and rejoining 


By such experiments, using metabolic 
inhibitors, we established that the rejoin- 
ing of radiation-induced chromosome 
breaks was indeed subject to metabolic 
control. For instance, low temperatures 
that would stop enzyme activity, cyanide 
that would inhibit many enzymes within 
the cell, carbon monoxide that would in- 
hibit cytochrome oxidase activity in the 
dark but not in the light, and dinitro- 
phenol that would uncouple oxidative phos- 
phorylation were all found to prevent re- 
joining. It was found, conversely, that the 
addition of exogenous adenosine triphos- 
phate (ATP) stimulated the rejoining of 
the chromosome breaks (Wolff and Luip- 
pold, 56a, b). 

In an attempt to further define the bonds 
that were being formed when breaks re- 
join, we carried out similar experiments 
with protein synthesis inhibitors (Wolff, 
09, 60). These were also found to prevent 
rejoining of the breaks. As a result of the 
earlier experiments, in which it was found 
that metabolic inhibitors prevented the re- 
joining of breaks that ordinarily remained 
open for long periods of time and that ATP 
stimulated the rejoining of these breaks, 
it was postulated that the bonds formed 
during rejoining were covalent (Wolff and 
Luippold, ’56b). As a result of the work 
with protein inhibitors, we went further 
and postulated that the X ray-induced 
breaks were in the protein moiety of the 
chromosome and that protein or perhaps 
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more simply peptide links were synthesig 
when the breaks rejoined (Wolff, 60). | 

It should be pointed out that there <¢ 
other points of view in regard to the na 
of the breaks induced by radiation. Sti 
fensen (755), for instance, favors the }j 
pothesis that the chromosome is held } 
gether by weak secondary bonds and ti 
X radiation primarily attacks these plac 
In addition, Revell (59) has resurrect} 
the old contact-first hypothesis. He post 
lated that the radiation first induces ac 
vated states in the chromosomes that if | 
contact with one another can at some lat 
time give rise to an aberration by a brea 
age and rejoining process akin to crossit 
over. This hypothesis, however, oper 
tionally leads to results that are near 
indistinguishable from those expected 
the breakage and rejoining concept geé 
erally held by cytologists and geneticists, 

In any case, what has been definite 
established is that the radiation-indue( 
damage is not absolute and final at t) 
moment of irradiation, but is subject to 
dissipation or repair in the postirradiati¢ 
period and that this repair is dependent 
the metabolism of the cell. As pointed o 
above, we believe that our experiments gi 
some indication about the nature of t 
bonds formed when breaks rejoin 
consequently, give some clues to the st 
ture of the chromosome. 


Amount of restitution | 


In the study of chromosome aberration 
it soon becomes apparent that, because 
restitutional repair, we are able to obser 
only a fraction of the breaks originally i 
duced in the cell. What we really mu 
study in order to gain information abot 
the repair processes is not just those breal 
that remain to give visible aberrations bh 
all of the primarily induced breaks withi 
the cell. Lea (’46) estimated that fi 
Tradescantia some 90 to 95% of all p 
mary breaks restitute. 

In order to study these, we have resort 
to a method devised by K. C. Atwood f 
determining the numbers of primary brea 
necessary to give a certain yield of tw 
break chromosome aberrations. The cale 
lations, which are presented below, ha’ 
led us to conclude that more than 99%. 
all breaks restitute and that there are on 


ited number of places—referred to as 
s” (Wolff, 59 )—within the interphase 
eus where the chromosomes happen to 
e close enough to one another for re- 
ing other than restitution to occur. 
e same calculations indicated that the 
rences in sensitivity to radiation ob- 
ed at different stages of cell division 
ot manifest at the molecular level and 
the chromosome strand has essentially 
orm sensitivity throughout the cycle. 
e sensitivity, therefore, resolves itself 
question of the availability of other 
ks within the distance, h microns, 
which a break can rejoin with another 
en end. In some stages of division, 
e will be more of these places within 
nucleus; consequently, there can be 
e rejoining that will give rise to visible 
mosome aberrations than at other 
es. If the breaks cannot rejoin in this 
ion they will restitute and so not be 
arent. This, of course, implies that the 
ir process for chromosome aberrations 
on at all stages of the cell cycle as 
been known for a considerable time. 
fact alone is enough to make us think 
erms of protein synthesis rather than 
yribonucleic acid (DNA) synthesis in 
rejoining of the breaks, since DNA 
hesis occurs only during a limited part 
he cell cycle. 

he calculations utilized expressions for 
yield of two-break exchange aberra- 
s induced by a dose of neutrons or X 
(Wolff et al., 58; Wolff, 59) in which 
yield was expressed in terms of the 
ance h over which an exchange can 
r and of the numbers of primary 
ks induced in the cell. The rationale 
the expressions is that if a given dose 
eutrons with a total path length of d 
rons produces n: breaks, then the prob- 
ity that a given break will be in any 
n-micron of path length will be 1/d. 
probability that another break will be 
hin the distance h over which an ex- 
mge can take place will be 2h/d since 
second break can occur within h mi- 
ns on either side of the original one. 
s is the probability that each of the 
(n: — 1)]/2 pairwise combinations of 
n: breaks has of being a potential ex- 
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change. The yield will then be approxi- 
mated by the formula 
hn, (ni — 1) 
d 

For X rays, the formula is somewhat dif- 
ferent with the yield 
Ane (na — 1) 

2R° 

where R is the radius of the nucleus. In 
the X-ray case, the first break can be any- 
where within the volume of the nucleus 
and the second break can then be induced 
anywhere within a sphere of radius h from 
the original break. Therefore, the prob- 
ability of two breaks being within this 
sphere will be proportional to the ratio of 
the volume of this sphere to the volume of 
the nucleus. In table 1 we show the values 
for the n breaks induced with X rays and 
neutrons at doses that gave a yield of 0.1 
exchanges per cell calculated when h var- 
ies from 1.0 to 0.1 u. It may be seen that 


y= 


Vos 


TABLE 1 


The numbers of breaks necessary to produce a 
yield of 0.1 chromosome exchanges per cell 


ih oa ae eye 
1 5.78 7.64 roe) 
0.5 7.68 19.6 255 
0.4 8.45 7/0) 3.20 
0.3 9.59 41.0 4.27 
0.2 11.5 75.95 6.57 
O),il 15.8 206.0 13.0 


with a smaller h, the number of breaks in- 
duced for a given exchange value not only 
is larger in both cases but is relatively 
larger with X rays. This is what would be 
expected from the kinetics of exchange 
production in that the target of radius h 
has to be hit only once with the protons 
projected by neutrons in order to get an ex- 
change but has to be hit twice with X rays. 
As the target becomes smaller and harder 
to hit, more breaks will have to be pro- 
duced in the X-irradiated cells in order for 
the target to be hit twice. It should be 
pointed out that the estimate of n from 
the equation is a minimal estimate since 
not all of the potential exchanges are 
realized. 

From the results of combined X-ray and 
neutron experiments, the distance h was 
calculated to be about 0.3 u (Wolff et al., 
"D8 ). 
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Other calculations for the numbers of 
sites within the nucleus where the chro- 
mosomes come within the exchange dis- 
tance, h, were made by Atwood and myself 
(unpublished). These indicated that there 
were only, on the average, 4 sites within 
a Tradescantia microspore nucleus. Hav- 
ing this value, we were then able to make 
a more accurate estimate of the value of h. 

The method for the estimate of the num- 
ber of sites is based on an observation by 
Atwood and me (Wolff, 59) a few years 
ago that one group of aberrations, the 
chromosome exchanges, didn’t fit a Poisson 
distribution of e~™-m"/r! where r would be 
the number of exchanges in the cell and 
m would be equal to the mean number per 
cell observed in an experiment. There 
were always too few cells having multiple 
aberrations which made us think in terms 
of a small number of sites. 

Von Borstel suggested a method where- 
by it was possible to solve for the number 
of sites. Although the method could give 
only an approximation of the site number, 
it did give the proper value as could be 
checked by other calculations. 

The method is analogous to a two-hit 
survival curve analysis. If the cell has 
several sites where two chromosomes, if 
broken, are close enough to form an ex- 
change, the chance of not getting a break 
in one of the sites in a cell would be the 
first term of the Poisson distribution or 
Cae 

The chance, therefore, of hitting and 
breaking a chromosome at least once in 
the site where the chromosomes come to- 
gether would be (1—e™™). But in the X- 
ray case, two hits are necessary to break 
both chromosomes and form an exchange. 
The chance of getting both hits is the prod- 
uct of the chance of getting each of the 
individual hits. Assuming the sensitivity 
is the same for both hits, the product will 
be Cl e274 

This then is the chance of getting an ex- 
change at a site. The chance of not getting 
an exchange at a site is 1 — (1—e™™)?. 
The chance of not getting an exchange at 
all sites and therefore in the whole cell is 
the product of not getting it at each of the 
n possible sites. If the sensitivities at all 
sites are the same this product will be 
[Cl Se>3 7. 
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Using Alan Conger’s extensive data frj 
operation Greenhouse material, we | 
tained the best fit to this last expressi} 
For Tradescantia n came out to be 4, 
the fit was an excellent one. 

A Poission distribution of aberrati 
would be expected only with an in 
number or a very large number of pla 
where exchanges could take place; wy 
only 4 sites the distribution might be } 
pected to be not Poisson but binomial. | 
then in an experiment the observed m 
number of exchanges per cell was m, tf 
the mean number per site would be m 
Cells with no exchange would have to 
free of exchanges at all 4 sites. Cells w 
only one exchange could have an exchan 
at only one of the sites and so forth. 

The probabilities for these numbers 
exchanges are given by the bino 
expansion [(1— m/4) +m/4]*. If thé 
frequencies are used to compute the 
pected values, the observed distributi 
does not differ from the expected. 

The number of sites can also be fou: 
without obtaining a whole dose curve | 
taking the data, breaking it down into t 
cells without 0, 1, 2, 3, etc., exchanges a 
seeing what power binomial it will fit 
that is, testing it against the binomial 
pansion [(1 —m/n) + m/n]* where n 
the number of sites. With this met 
wherein the data is divided into all 
classes, more information is gained thi 
from the survival curve type of analy: 
wherein only the zero class is used. | 

In our experiments with Vicia, the si 
number was. two and in Tradescantia' 
was 4. Evans (62) has presented data 
Vicia that is very close in this respect. — 

Knowledge of the number of sites thi 
allowed us to proceed with what we cc 
sider to be a more accurate estimation 
the value of h. The method utilized is 
follows: In the neutron case, there a 
n: breaks induced at random within ti 
cell; twice the yield or 2Y; is the number 
these breaks at sites because each aben 
tion comes from two breaks. Since brea 
are distributed randomly throughout t 
genome, this then means that 2Y;/m 
equal to the proportion of the genome th 
is at sites. Therefore in the X-ray ca: 
where n: breaks are induced in the ce 
2Yim2/n: is equal to the number of Xz 


s that are at these sites. We may call 
umber X. The X-ray yield, Y2, will be 
to the number of X-ray sites that 
two breaks in them and therefore 
2Y. will be essentially equal to the 
r of X-ray sites that have only one 
. Y»2 then will be proportional to P? 
e P is the probability of breaking a 
osome in a site. 2P (1 — P) will be 
rtional to the number of sites with 
one break in them or X — 2Y:. Since 
are only 4 sites, the frequencies ob- 
d from the binomial expansion are 
iplied by 4 to get the number of sites 
Onl or) 2) breaks. That is, 4P* will 
1 Y2 and 4 [2P (1 — P)] will equal the 
ber of sites with only one break. The 
ris X—2Y2. Since we know Y2, we 
have the value of X which is in terms 


TERMINAL 
DELETIONS 


‘ CHROMOSOME ABERRATIONS on 
OBSERVED | REJOINING] BREAK 


SS Eee eS 
op) 
Za < 
oO <t 

WwW 
q ox nes 
ac jaa) | 
a 
ud 
faa) 
SG) fay 
Sa 
zd ea 
s|or+W 
Ones 
we) Ww 
wm © 
Ss 


Fig. 


POSTIRRADIATION PHENOMENA 


EXCHANGES 


ASYM- SYANI= 
METRICAL | METRICAL |DELETIONS 


155 


of Yi which we know from experimental 
results and the ratio n2/ni. It may be seen 
in table 1 that the proper ratio for n/n: 
which is 6.35 is not approached until h is 
equal to 0.2 u. 

Straightforward target-theory calcula- 
tions for the numbers of cells not having 
an exchange after a dose of neutrons have 
also led to a similar value of h, in this case 
0.18 u. Consequently we have settled on 
0.2 u as being the true value. 

As may be seen in table 1, in the case of 
X radiation at this value of h, there are 
some 75 primary breaks in the cell when 
the yield is 0.1 exchanges. In addition to 
the exchanges, other aberrations are also 
present. These include approximately an 
equal number of interstitial deletions and, 
we may assume, an equal number of un- 


ISOCHRO- 
MATIDS 


1 Types of chromosome and chromatid aberrations commonly observed. 
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scorable symmetrical exchanges; also pres- 
ent are a very small number of perhaps 
true terminal deletions. All in all, this 
would indicate there are about 0.5 breaks 
per cell that result in visible aberrations 
from the original 75. The rest of the 
breaks have been repaired by restitution. 


Stage sensitivity and repair 


Since the repair process is so efficient, I 
began to wonder if the apparent increase 
in the sensitivity of the cells to aberration 
induction that occurs after chromosomal 
duplication might be caused by a decrease 
in repair. We were particularly interested 
in this because the experiments on muta- 
tions induced in Paramecium that are re- 
ported below indicated that, if anything, 
the repair was more efficient in this period. 

A study was carried out in which we ir- 
radiated Vicia faba root tips and also 
Tradescantia microspores and then fixed 
the cells at such times when we could ob- 
serve either chromatid or chromosome 
aberrations. The chromatid aberrations 
are induced after chromosomal duplica- 
tion, a relatively sensitive period; the chro- 
mosome aberrations are induced before du- 
plication, a relatively resistant period. 

As may be seen in figure 1, the types of 
aberrations scored are quite similar in the 
two groups. We score the asymmetrical 
chromosome exchanges and a similar group 
of asymmetrical chromatid exchanges. We 
do not score symmetrical chromosome ex- 
changes because in most cases we cannot 
be certain that these have been formed, 
whereas we do score this class for chro- 
matid aberrations. For this group then, we 
can score more in those cells in which we 
see chromatid aberrations, although an 
equivalent amount of damage might be 
present in the other cells. We score a group 
of interstitial deletions in the chromosome 
aberration group which we do not score in 
the chromatid aberrations and conversely a 
group of interchanges as chromatid but not 
as chromosome aberrations. We score ter- 
minal deletions and an equivalent group 
of chromatid deletions. There is, however, 
one great difference in the types of aberra- 
tions that can be scored in the two types of 
cells—that is, we can score for isochro- 
matid aberrations in the chromatid group 
but not in the chromosome class. 
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PREDUPLICATION 
INTERPHASE 


Fig. 2 Schematic diagram of pre- and 


POSTDUPLIC ATION 
INTERPHASE 


duplication nuclei. Breaks at A are withi 
microns of one another and able to form 
changes. Breaks at B can result in intersti 
deletion. Other breaks not being near o 
broken ends restitute. After duplication, 1 
other breaks have a sister strand within h |} 
crons. 


Figure 2 shows a schematic represe 
tion of the interphase chromosomes wit 
the nucleus. It can be seen that there 
only a few places (4 in Tradescanti 
where the chromosomes come withi 
microns of one another so that if bro 
there an exchange can occur. These si 
are marked A in the diagram. There 
other places where the chromosome mig 
loop so that breaks in these regi 
(marked B) could give rise to interstit 
deletions. Since the large majority 
breaks are not in either of these types 
places and since almost all breaks are 
joinable (terminal deletions being a vé 
small group if present at all) the v 
majority of breaks will restitute. | 

After duplication, however, when ch 
matid aberrations appear, the breaks tk 
would not have been at places where 
were within h microns of another br 
and so restituted now have a sister stra 
very closely appressed to them. If t 
sister strand is also broken, the end w 
now have another type of rejoining ay: 
able rather than just restitution, and i 
chromatid aberrations can be formed. T 
majority of isochromatids show union 
both pieces, the so-called sister union (SI 
type (fig. 1). A certain proportion sh 
nonunion in the proximal segment (NU 
but have union in the distal portion a 
another equal proportion show nonuni 
distal (NUd). A far smaller group will1 
show any union at all, the NUpd gro 
On such a scheme as this, we would « 
pect the difference in sensitivity in 1 
two groups of aberrations to come abc 
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TABLE 2 


he percentage of chromosome and chromatid aberrations observed in Tradescantia micro- 
_ spores after 200 r of X rays. Chromatid aberrations observed 23 hours after irradiation; 
chromosome aberrations observed 4 days after irradiation 


Exp. 1 Exp. 2 
Chromatid Chromosome Chr tid Ch 
(350 cells ) (400 cells) (300 cells ) (300 cells). 
eletions (terminal? ) ONS) 7 3.0 4.0 5.0 
xchanges 26.8 17.8 24.7 RSS 7 
nterstitial deletions — 14.5 — 10.0 
sochromatid deletions 43.1 — 50.0 — 
ntrachanges 16.0 — 18.0 — 
111.6 Boro 96.7 30.7 


ly because of what could be scored in 
ifferent types of cells and that by far 
argest increase would come from the 
p of breaks that ordinarily would res- 
e but now can undergo another type of 
ning resulting in visible isochromatid 
ations. Table 2 shows just such a 
jon in which the numbers of ex- 
ges are about twice as frequent in the 
matid group as in the chromosome 
p as would be expected, since we only 
e the asymmetrical exchanges when 
core for chromosome aberrations, but 
e for both asymmetrical and sym- 
ical ones in the chromatid aberrations. 
e first experiment our class of chro- 
id deletions is seemingly greater than 
umbers of terminal deletions induced 
he cells. Revell (59), however, has 
n that the class of chromatid dele- 
s is really a heterogeneous group, most 
hich are but simple achromatic gaps 
are not true breaks at all and that the 
ber of true chromatid deletions is very 
1 and akin to the numbers of terminal 
tions observed in cells showing chro- 
ome aberrations. In the second experi- 
t only true breaks were scored as 
matid deletions and they were found 
ccur only as frequently as did chromo- 
e terminal deletions. This, then, leaves 
further class, the isochromatid aber- 
ons, that come from breaks that ordi- 
ily would restitute. These now are able 
ontribute almost 50% of the damage. 
t, therefore, appears as though the re- 
- mechanism is operative throughout 
cell cycle and that the differential sen- 
yity of the stages of mitosis is really not 
fferential sensitivity of the chromosome 
simply a reflection of the fact that 


more of the primary breaks can rejoin to 
form visible aberrations after the chro- 
mosome has duplicated than before. 

In addition to providing an explanation 
for stage sensitivity, the concept of a 
limited small number of sites within the 
nucleus where breaks are close to one an- 
other has allowed us to account for the dis- 
tribution of chromosome exchanges with- 
in cells. It is also possible for us to explain 
on this basis such other phenomena as the 
apparent lack of rejoining between breaks 
induced by different chemicals that act on 
fairly specific loci on the chromosome as 
described by Merz et al. (61). In order 
for breaks caused by two such different 
chemicals to rejoin, the specific regions 
attacked would have to be within h mi- 
crons of one another. Since there are such 
a small number of places within the nu- 
cleus where the chromosomes in general 
are this close, the probability of it happen- 
ing for specific regions is very low. X-ray 
breaks, however, which are more randomly 
distributed, can rejoin with the breaks in- 
duced by all of the different agents. 

In summary, it can be said that our ex- 
periments on chromosome aberrations, 
whether they were biochemical or bio- 
physical experiments, have indicated that 
the production of chromosomal aberrations 
is not necessarily fixed at the moment of 
irradiation, but that a repair mechanism 
operates in the postirradiation period. 
This repair mechanism is dependent upon 
cellular metabolism, energy production, 
and probably protein synthesis. Biophys- 
ical calculations in regard to the distribu- 
tion of aberrations per cell and the num- 
bers of primary breaks per cell have led to 
the conclusion that it is a very efficient 
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process with more than 99% of the pri- 
mary breaks being repaired. This repair 
process that is manifested as chromosome- 
break rejoining occurs throughout the cell 
cycle. Stage sensitivity of chromosomes 
can be accounted for in terms of this repair 
mechanism and the different spatial rela- 
tions of the chromosomes and chromatids 
during the various stages of cell division. 


OPEN DISCUSSION 


LACHANCE? : Dr. Wolff, would you care 
to comment on the possibility that this dis- 
tance h, the distance over which broken 
chromosome ends can reunite, is perhaps 
not a fixed inflexible distance, but is per- 
haps vulnerable to changes with tempera- 
ture and other metabolic factors which 
might influence chromosome movement? 

Wo.tFF: Although we haven't particu- 
larly examined this point, in these experi- 
ments we have performed, such variations 
were not noticed. 

MUKERJEE® : Do you have any evidence 
for the formation of covalent bonds during 
the rejoining of breaks? 

WoLFF: The argument we make for 
covalent bonds rejoining is that the breaks 
ordinarily stay open for very long periods 
of time. If they were breaks of ionic links 
or something of that sort, we would expect 
them not to require energy, which we find 
is necessary, and not to stay open for long 
periods of time, but to snap shut. So we 
postulate that they must be covalent 
breaks. 

Furthermore, when we work with chlor- 
amphenicol, or aureomycin, which are pro- 
tein synthesis inhibitors, they too keep the 
breaks open which led us to think that per- 
haps this is the type of bond that is being 
formed when they do rejoin. 

ABRAHAMSON’ : In Drosophila oocytes if 
one prevents restitution from occurring, 
we find we have increased the rearrange- 
ment frequency significantly. 

We assume in this case this is due to the 
fact that the breaks are now kept open long 
enough to move around and interact with 
breaks with which they normally wouldn’t 
interact. 

ERRERA® : Just to remark on the inter- 
pretation of the effect of chloramphen- 
icol—it is a well-known inhibitor of 
protein synthesis. I think one has to re- 
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member that in microorganisms, at kk 
although it doesn’t inhibit much of | 
RNA synthesis, the RNA which is gs 
thesized in the presence of chloramph 
icol is unstable. So we might be deal 
with some secondary effect due to the j 
mation of unstable RNA in the absence 
protein synthesis. af 

WoLFF: The only thing we did to try 
see whether or not chloramphenicol y 
acting specifically on protein synthesis y 
to put in C-labeled glycine, and then 
tract the proteins. We found that ind 
there was an inhibition of the incorpo 
tion of this label into the proteins. 

There was no effect on P®” getting 
the total nucleic acid pool, and DNA s 
thesis wasn’t going on in the cells at 
So I think that this would indicate that 
least gross RNA synthesis or gross Di 
synthesis wasn’t involved at all. 

Whether or not there is another type 
RNA synthesis going on or a new spec 
of RNA being formed we can’t say beca 
we only looked at the total RNA that w 
produced. 

KAPLAN®: I think the same 
could be checked more specifically 
amino acid analogs, which I think perhé 
should be tried in this system. 

I also think I heard you say that si 
protein synthesis inhibitors interfered 
restitution, presumably the breaks were: 
protein. If you did say this, would you + 
to defend it? 

WoLFF: The argument is that when’ 
get a break in a chromosome, metabolis 
and energy production is necessary for | 
joining to occur. When we try to get mc 
specific by using inhibitors, it turns ¢ 
that protein synthesis is necessary for | 
joining to occur. This could possibly mez 
I think, a block of chromosomal protein 
made when a break rejoins. Or, m« 
simply, a peptide link is made. 

Now of course there can be some otk 
substance, be it what Dr. Errera is talki 
about or something else, that is made a 
is unknown. The formation of this st 
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ce would be dependent on the de novo 
ation of an enzyme because the breaks 
marily stay open in the cell. They don’t 
unless protein synthesis occurs. The 
bition of protein synthesis could pre- 
the formation of that enzyme: 
also looks from the incorporation stud- 
s though this substance were not RNA 
INA, which then tends to lead us to 
k more in terms of the proteins or the 
ide links. 
PLAN: Let’s go back to Dr. Rupert’s 
If Dr. Rupert used chloramphenicol 
is system he might well find that his 
toreactivating enzyme was not formed, 
hich case a radiation-induced lesion, 
ch he can prove is actually in DNA, 
ld not be repaired. 
ne might draw the erroneous inference 
this that the lesion was in protein, 
ch is not the case. I would say that it is 
east as attractive a notion to assume 
your repairing system is an inducible 
, that it is in fact induced by the radia- 
injury, and that the radiation injury 
well be sustained in another kind of 
romolecule, and my best bet would be 
A. 
OLFF: There, of course, might be 
e inducible enzyme that is being 
ed. What we are doing now is trying 
heck if the bonds formed are protein 
utting labeled amino acids into the nu- 
and the chromosomes. Of course the 
el then gets into the general proteins 
the cytoplasm and we have to extract 
chromosomes or the nuclei so that we 
do audioradiography on them alone. 
is work is in progress now. 
IANCHI’ : Rejoining phenomenon seems 
ted to moisture content and it can be 
erved in seed when X-irradiated, rather 
n when treated with neutrons. 
an you comment, taking into account 
at happens in seeds, on rejoining phe- 
ena that you have described as oc- 
ring after treatments? 
SwANSON® : May I have Dr. Conger re- 
ynd to that? 
CoNcER’: At the present time I feel 
1t the phenomena we are looking at in 
7 seeds and that Powers is looking at in 
; spores and that Kirby-Smith is looking 
in the molecules bear no relation to the 
enomena of, say, after-effect and modi- 
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fications that are seen in the normal wet 
metabolizing cells. 

The evidence is simply this. All the bio- 
logical, metabolic, biochemical factors that 
are so important in their phenomena—the 
time of DNA synthesis, the fact that fur- 
ther mutation or mutation reversal ceases 
when DNA synthesis occurs—doesn’t ap- 
ply at all to the dry state. 

I think we are studying solid state reac- 
tions; they are studying biochemical and 
metabolic ones. 

JACOBSON” : I have a little difficulty in 
understanding how you can break the chro- 
mosomes without breaking both the pro- 
tein and the nucleic acid. Of course it 
might be a question as to which breaks 
first. 

SWANSON: I think Wolff protected him- 
self by saying he didn’t know how a chro- 
mosome was put together. 

JACOBSON: If you put the protein back 
together it would seem to me, regardless of 
what you are doing to the nucleic acid, you 
would be preventing rearrangement. This 
perhaps would be in defense of Dr. Wolff's 
position. 

SWANSON: I think we must realize to go 
from something like DNA in its native 
naked pristine state to a chromosome is a 
tremendous jump. To make the switch 
back and forth is, I don’t think, quite valid 
yet. I may be wrong, but I think there is 
a tremendous gap here in organization that 
we are not fully aware of. It is almost like 
comparing a bacteria to Sequoia so far as 
size is concerned. 

JACOBSON: They both have DNA. 

DANIELS” : Dr. Wolff, I wonder what 
effect, if any, the sol-gel state of the nu- 
cleus or the myxoplasm, which is a com- 
bination of the nucleoplasm and cyto- 
plasm, might have upon rejoining? What 
effect do these various inhibitors such as 
chloramphenicol have upon changes in the 
sol-gel condition? 

Wo.FF: I am not quite certain just 
what the sol-gel relations are that we 
might expect to find in the interphase nu- 
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cleus. The chromosome, of course, we 
know is the linear structure that has genes. 
Although invisible in interphase, the chro- 
mosomes enter it and come out essentially 
in the same position. 

In addition, there is quite a bit of evi- 
dence indicating there is not much move- 
ment going on inside this interphase nu- 
cleus. So in our general approach, we 
haven't given much consideration to sol-gel 
relations at all. 

I do know that we have used a great 
variety of reagents. Some of them, for 
instance, burn up the oxygen within the 
cell and others increase the oxygen within 
the cell. Some change the pH; some don't. 

In spite of that, we find that the effects 
we get, the aberrations per unit dose with 
all these various pretreatments or post- 
treatments, be they low temperatures, cy- 
anide, carbon monoxide, dinitrophenol, or 
simply complete anoxia, are the same. In 
addition the effect on rejoining is the 
same as we would expect in terms of their 
inhibition to metabolism. 

Some of their physiological effects, pH 
and so on, you would expect to be differ- 
ent. Oxygen consumption is different. Cy- 
anide, for instance, increases the intra- 
cellular oxygen concentration by inhibiting 
respiration so it is not burned out. Dini- 
trophenol, however, helps burn it up. 

We can put in nitrogen and add a very 
strong reducing agent, sodium hydrosulfite, 
to take out oxygen and obtain the opposite 
effect from what is expected with cyanide. 
Yet these two work the same. It seems as 
though the important effect is the stopping 
of respiration. 

So I am not sure any of these things do 
affect or might affect sol-gel relations and 
that if they did it would affect the breakage 
or the rejoining factors I am talking about. 

SWANSON: There are, of course, great 
changes in the chromosome in terms of 
its water content as it goes through the 
various stages of its cycle. 

ALEXANDER” : What is the shortest time 
interval that has been recorded between ir- 
radiation and the observation of perma- 
nent chromosome alterations (i.e., not 
stickiness ). 

SWANSON: Two minutes. This was 
done by Dr. David Bishop a long time ago 
in the spermatocytes of the grasshopper. 
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ALEXANDER: Were these physiologi 


alterations? 
Swanson: No, structural aberratiog 


One thing that would interfere with seei 


| 
ae 


ever that means. ‘(| 

Gray”: It is fairly easy to see how,} 
the manner Dr. Wolff has shown us, wi 
holding energy between two fractior 
doses will increase the aberrations. But 
would expect Dr. Alvin Beatty to be sayi 
something if he is in this room, because] 
has shown that withholding energy soure} 
immediately after a single short exposu 
when all the breaks are supposedly pr 
duced simultaneously—if there are brea} 
produced—increases the aberration 
quency very considerably. 

Now it is not so easy to see why wit 
holding energy should favor illegitima 
reunion against legitimate reunion—b| 
no doubt Dr. Wolff can explain that rig 
away. 

WoLFF: This is the same point to whi¢ 
Abrahamson has spoken. In the Drosop 
ila system they see this quite regular 
We haven't observed that in Vicia with 
fractionated dose experiment. We kee 
our half doses low so that when we git 
the combined treatments the yield of abe 
rations increases as the square of the dos 

Abrahamson has noted that, althou 
we do not see any significant differenc 
after a single dose followed by treatme 
with an inhibitor, there is perhaps a slig 
increase. In Beatty’s system, where 
uses higher doses, he has been able to g 
after a single dose marked increases. 

I don’t think there is much movemet 
going on in the cell and John Evan 
work and Revell’s work fits in very nicel 
with this point of view. However, thei 
might be some slight movement so th: 
ends do move apart and reach anoths 
place where an interchange could occet 
to increase the numbers of visible aberr 
tions. Without this movement only rest 
tution could occur. 


122 Peter Alexander, 
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rAy: The chances of moving apart 
to me to be exactly balanced by the 
ices of moving closer together. 

JOLFF: If the ends are close together 
fart with, I should think any movement 
ihe average would tend to separate 
in. Then, since there are only a few 
where breaks are within the rejoining 
ance, such separation could only cause 
loss of but a few exchanges. There 
} however, many more primary breaks 
pnt that were not within the exchange 
ance of another break. If chromosomal 
fement occurs that decreases restitu- 
| it seems to me that such movement 
Id tend to increase the number of 
Ranges by bringing distant ends closer 
me another. The original asymmetry 
he distribution of breaks at sites versus 
e not at sites would then favor an in- 
jse in exchange formation. 

WANSON: Of course, at the end of a 
sion there is an organized position of 
#mosomes with the centromeres at the 
is and the ends dangling down, all of 
th might contribute to a higher fre- 
ncy of breaks or a higher frequency of 
hions. There is a factor of proximity 
| comes in which makes for breaks or 
nions in the neighborhood of the cen- 
ere much more likely than out at the 
8, where they are dangling free. The 
bmosomes do not change position in the 
leus very much until they begin to 
ten, as was shown by Boveri. 

vANs“ : You can also show, in fact, 
you get more association between 
bmosomes in the system Dr. Wolff is 
ing about at the mid-chromosome re- 
is, because that is where the hetero- 
pmatin is located. The heterochromatin 
>s up in interphase to give the chromo- 
ters, and a high aberration frequency 
irs in these regions. In addition you 
have the centromere suppressing aber- 
on. There is a reduced frequency not 
y-at the distal end of the chromosomes 
also near the centromere. 

WANSON: There is a problem when 
is trying to compare Tradescantia and 
a in the sense that we know next to 
ing about heterochromatin in Trade- 
itia. 

vANs: No, but you have another in- 
sting point there. In Tradescantia, I 
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think you found reduced aberration fre- 
quencies at the chromosome ends. 

SWANSON: This was in the pollen tube. 

EvaANs: The interesting point is that the 
nucleoli are organized at the distal ends. 

SWANSON: Yes, on two of the 6 chro- 
mosomes. 

Evans: In our Tradescantia clone we 
have 6, one on each of the chromosomes 
and all located in a terminal position. Nu- 
cleoli certainly influence aberration yield 
by suppressing interchange in the nucleo- 
lar regions. The point I think we ought to 
make is that it isn’t simply a question of 
how the chromosomes are arranged on the 
spindle; what is more important is their 
relation in interphase at the time they re- 
ceive their radiation dose. We know that 
in the interphase nucleus in Vicia the two 
extremely large nucleoli must reduce the 
probability of close association between the 
nucleolar and other chromosome arms. On 
the other hand, the fused heterochromatic 
regions must enhance the possibility of 
exchange in and around the heterochro- 
matic zones. This is especially important 
if, as Wolff points out, exchange only oc- 
curs at chromosome regions which are 
separated by very small distances, 0.1 of 
a micron or less. 

SwANSON: This would account for it 
in Tradescantia just as it would in Vicia, 
but the circumstances are different. There 
is a different distribution present. 

Wo.FF: Let me say I think Dr. Evans 
is a bit modest here. From our data, our 
analysis is such that we couldn’t do any 
more than define the sites as being the 
place where, by random association, the 
breaks happen to be within h microns of 
one another. 

Evans has data that haven’t appeared 
yet, but are in press, that indicate that the 
limited number of sites may perhaps have 
more meaning than just this random asso- 
ciation; and indeed he is finding more ex- 
changes in these heterochromatic regions 
than you would expect to appear on a ran- 
dom basis. 

There are a small number of these 
heterochromatic regions, too. 

Evans: Can I just add to that? We 
found that we get a non-random distribu- 
tion of interchanges and that our number 
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of sites looks more likely to be two rather 
than the 4 that Wolff gets in Tradescantia. 
Wo.rFF: We get two for Vicia also. 
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the preceding paper, Dr. Wolff has 
fussed some of the postirradiation phe- 
jena that are important in the produc- 
of chromosome aberrations. Postirra- 
ion phenomena also occur for many of 
bne-hit events manifested as mutations 
| review see Hollaender and Kimball, 
Conger, 60) as was first shown by 
fing that a variety of postirradiation 
tments modify the amount of muta- 
. Unfortunately, further exploration of 
jphenomenon has been hampered by the 
of a conclusive test, comparable to the 
fractionation test for two-hit events, 
tthe amount of recoverable damage re- 
ing at any moment after irradiation. 
way of attacking the problem is to 
t for varying times with agents whose 
hemical action is fairly well known 
to draw conclusions about the inter- 
liate steps from the results (Witkin, 
°58; Doudney and Haas, ’58, 60). For 
amecium, at least, we believed that this 
hod was not very satisfactory because 
the many unknown side effects such 
nts might have on processes quite pe- 
neral to the mutation process itself. The 
st obvious peripheral effect is a change 
he time of the terminal event for muta- 
esis, which most of us now agree is 
A synthesis, although it is not difficult 
hink of other possibilities. 
. more direct measure of the rate of 
nge of reparable damage can be ob- 
1ed by measuring the variation of muta- 
1 with the time between irradiation and 
. terminal event. In Paramecium, this 
eriment is relatively easy because we 
work with small, synchronized groups 
sells and because the mutagenic doses 
ionizing radiation do not have appre- 
yle effects on the time of DNA synthesis. 
use of this procedure, we have come to 
conclusion that the postirradiation 
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phenomenon, in the case of one-hit reces- 
sive lethals, is one of metabolic repair of 
chromosomal lesions, analogous to the 
metabolic repair that occurs in restitu- 
tional reunion of broken chromosomes. It 
should be emphasized that there is evi- 
dence that recessive lethal mutations in 
Paramecium are one-hit phenomena and 
may be entirely localized changes such as 
point mutations and small deletions. 

The methods of detecting and measur- 
ing mutation are given in earlier papers 
(Kimball et al., 59a, b). Unless otherwise 
stated, X rays were used. 


Repair during G1 

Several years ago Kimball (’57) and 
Kimball et al., (57) showed that a variety 
of agents, streptomycin, chloramphenicol, 
H:0:, low temperature, starvation, caffeine, 
dinitrophenol, and iodoacetate, decreased 
mutation when used as _ postirradiation 
treatments. Various artifacts of selection 
and expression were excluded and on this 
basis it was concluded that the effect was 
on mutation itself. Similar phenomena 
were found with ultraviolet and alpha- 
particle irradiation (Kimball et al., 59a). 
Further work has shown that modification 
can be brought about only before the first 
postirradiation chromosome duplication. 

The successful treatments had only one 
thing in common as far as could be seen. 
They all delayed division, and those that 
have been tested also delayed DNA syn- 
thesis. This delay led us to postulate that 
the treatments decreased mutation by de- 
laying chromosome duplication, thus allow- 
ing more time for repair of the initial 
premutational damage. 

To test this hypothesis, we turned to 
experiments in which the time between 


1 Operated by Union Carbide Corporation for 
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Fig. 1 Effect of time of irradiation on the 
amount of mutation. The data for no inhibitor 
and for caffeine (1.5 mM) include both pre- 
viously published and new data and are shown in 
detail with 95% confidence limits. Lines of best 
fit to previously published (Kimball et al., 61) 
data for growth in streptomycin (200 ywg/ml), 
chloramphenicol (60 ywg/ml) and iodoacetate 
(1.5 mM) are shown for comparison. The units 
in which mutation is given are discussed by 
Kimball et al. (61). 


irradiation and chromosome duplication 
was varied. The most direct evidence 
comes from experiments with stationary- 
phase paramecia (Kimball et al., ’59b). 
The time between irradiation and duplica- 
tion was changed by varying the time of 
transfer to fresh culture medium, duplica- 
tion occurring, of course, only after trans- 
fer. As expected on the spontaneous re- 
pair hypothesis, it was found that the 
longer the time between irradiation and 
transfer the less the mutation. That this 
is the result of repair after irradiation and 
not simply the result of the additional pe- 
riod under stationary phase conditions was 
shown by finding that the time in sta- 
tionary phase before irradiation was un- 
important. 

Similar evidence was found with syn- 
chronized groups obtained by collecting 
dividing individuals from log-phase cul- 
ture. Measurements of the size of the 
micronucleus and amount of Feulgen stain 
in such groups have shown that the micro- 
nuclear preduplication interphase (G1) 
lasts for about 2% hours and the period of 
DNA synthesis (S) about half an hour; the 
remainder of the 5- to 6-hour total inter- 
division interval is occupied by postdupli- 
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cation interphase (G2) and mitosis 
diagram at bottom of fig. 2). The ty 
between irradiation and duplication 
therefore be varied from about 2% tq 
hours by irradiating at various times d 
ing Gl. Fortunately the 4500 r of X rg 
used for most mutation experiments 

almost no effect on the time of duplica 

The combined results of a number o 
periments are shown in the curve ma 
“no inhibitor” in figure 1. It is clear ft 
the longer the time between irradiatio 
duplication, the less the mutation. TI 
these experiments support the hypothe 
of spontaneous repair. 

Experiments in which the time bet 
division and irradiation is altered are s1 
ject to the alternative interpretation 
the variation in mutation is the cor 
quence of changes in sensitivity to 
initial radiation damage. The repair | 
pothesis predicts the direction of ch 
that was actually found whereas the 
sensitivity does not. In addition, the dal 
for stationary phase paramecia cannot 
explained by changes in initial sensitiv: 
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Fig. 2 Duration of the refractory period. M 
tation as a function of time of irradiation is col 
pared with data for micronuclear cross section 
area from the same experiment. Diagram at b 
tom shows the approximate times occupied © 
successive micronuclear and macronuclear stag 
The micronuclear data are from this same € 
periment; the macronuclear data are from earli 
quantitative Feulgen (Kimball and Barka, *59) ai 
thymidine incorporation (unpublished) studi 
G1, preduplication interphase; S, period of Dh 
synthesis; G2, postduplication interphase; P, pi 
phase; M, metaphase and anaphase; T, telophas 
D, period of amitotic division of the macronuclei 


all groups were irradiated together 
iffered only in the time between irra- 
m and transfer to fresh medium. 
over there is some evidence (Kimball 
, 61) from experiments in which the 
of irradiation was held constant but 
ime of posttreatment was varied that 
is a loss of mutational potential dur- 
g-phase growth. This question is dis- 
d at some length by Kimball et al. 
. Thus the “stage sensitivity” alterna- 
robably is not correct but cannot be 
ously excluded. 
e curve marked “no inhibitor” in fig- 
suggests, in addition, that the rate of 
r is under metabolic control because 
lope is about 10 times greater than 
orresponding measure of the rate of 
ir in stationary phase paramecia. A 
nt of the log phase experiment was 
| to study further the role of metab- 
. Concentrations of several inhibitors 
found that delayed but did not pre- 
chromosome duplication and cell divi- 
Cells were placed in the inhibitor 
ediately after division and irradiated, 
in the inhibitor, at appropriate times. 
were not removed from the inhibitor 
after the mutation process was 
ght to completion by chromosome du- 
tion. The results are diagrammed in 
e 1 from more detailed data published 
here (Kimball et al., 61). All the in- 
ors decrease the average rate of repair 
own by the slope of the lines. With 
ine at least, the decrease is greatest 
ng early G1 and becomes small or neg- 
le in late G1. The change in slope of 
curve is not to be explained by a lower 
t for repair since considerably lower 
s of mutation are found with higher 
centrations of the inhibitors (Kimball 
lL, 61). Thus these experiments sup- 
_ the view that repair is a metabolic 
ess that can be inhibited. They also 
w that the consequences of such inhibi- 
are dependent upon the stage during 
interdivision interval. The dependence 
stage and the similar action of diverse 
bitors suggests that we are still some 
ance from the specific biochemical re- 
ons involved. 
n apparent paradox exists in that the 
e metabolic inhibitors that decrease 
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the rate of repair also decrease the amount 
of mutation when they are used as post- 
irradiation treatments. Marked posttreat- 
ment effects are obtained only with con- 
siderably higher concentrations of the 
inhibitors than those in figure 1, but this 
does not resolve the paradox. It can be 
resolved, however, if it is recalled that the 
inhibitors also delay chromosome duplica- 
tion, thus making more time available for 
recovery. The net result of these opposing 
actions is usually a decrease in mutation 
though there is no a priori reason why 
this should always be true. Indeed, the low 
concentrations of inhibitors which were 
shown in figure 1 to markedly decrease the 
rate of repair have almost no influence on 
the final number of mutations when used 
as posttreatments. Thus in Paramecium 
the effect of a posttreatment on the 
amount of mutation gives us no clue to the 
magnitude or even direction of the action 
on repair. Except in special cases, knowl- 
edge of the action on repair can come only 
from experiments in which the time be- 
tween irradiation and chromosome dupli- 
cation is varied. 


Repair during G2 


Thus far we have discussed only effects 
on the unduplicated chromosomes of sta- 
tionary phase and of the G1 period of log 
phase. Irradiation of the duplicated chro- 
mosomes of G2 and early prophase pro- 
duces no more than one-tenth the amount 
of mutation produced by irradiation at 
other stages. This refractoriness to muta- 
tation induction is found for alpha par- 
ticles and 2537 A UV as well as for X rays 
(table 1). The initial events with these 
three radiations are unlikely to be suffi- 


TABLE 1 


Amount of mutation by irradiation at various 
times after division 


Time 
nh . 
ee : Ultraviolet 
de, SESE ales 
after 
division ) 
1 1.39 + 0.08 0.68 + 0.12 i eyox(0) 158} 
2 1.48 + 0.06 — 1.68+0.10 
cB 1LOD == 0103 —_— 1.50+0.11 
4 0.07 + 0.04 OLOzEOl05 0.30+ 0.07 
5 0.66 + 0.03 = 0.16+0.05 
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ciently alike to explain this similarity. The 
damage produced in G1 by all three radia- 
tions, however, has been shown to be sub- 
ject to postirradiation repair (Kimball et 
al., 59a). Therefore, we concluded that 
the refractory period is the result of post- 
irradiation processes that remove all or 
nearly all the initial radiation damage pro- 
duced during this period. 

In normal, log-phase growth, the refrac- 
tory period is coextensive with micronu- 
clear G2 and early prophase but is also 
coextensive with the much longer macro- 
nuclear S period (fig. 2). Experiments with 
caffeine show, however, that the essential 
association is with the micronuclear and 
not the macronuclear state. Growth in 1.5 
mM caffeine delays micronuclear G2 by 
about two hours and similarly delays the 
onset of the refractory period (fig. 3). Caf- 
feine does not delay the onset of the macro- 
nuclear S period, although it slows down 
the rate of synthesis, as judged from the 
amount of tritiated thymidine incorporated 
during brief labeling periods (fig. 4). Thus 
the association is with micronuclear G2, 
not macronuclear S. 
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Fig. 3 Similar delay in the refractory period 
(from approximately 2% to 41% hours) and in 
micronuclear S by 1.5 mM caffeine. Micronuclear 
S determined by measurements of cross sectional 
area, 
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Fig. 4 Lack of an effect of 1.5 mM ca 
on the onset of macronuclear S but decre 
rate of synthesis. Measured autoradiograp 
by the number of grains over a standard area 
the macronucleus after a brief exposure to | 
thymidine. 


Evidence that the refractory period is} 
consequence of the state of the micron 
cleus and not of the whole cell is sho 
by use of the intracellular symbiont, kap 
Kappa is present in a number of stra 
of Paramecium and can be inactivate 
X rays (Preer, 48). We now find that it 
equally inactivated whether the parame 
are irradiated in micronuclear G1 or 
(34% survival of kappa in Gl, 33% 
G2). Inactivation of kappa, like mutati 
induction in the micronucleus, is infl 
enced by oxygen tension during irradiatic 
(Geckler and Kimball, 53). Therefore 
would expect diffusible intracellular pr 
tective agents and, with less certain 
other general conditions to influence bo 
kappa and the micronucleus. The absen¢ 
of a refractory period for kappa sugges 
therefore, that the refractory period f 
mutation induction results from local co! 
ditions within the micronucleus. 

One other possibility that needed to I 
considered—although for several reasor 
we thought it unlikely—was that the mut 
tions examined were produced mainly t 
alterations of nucleoside or nucleotide pr 
cursors of DNA. If this were the case, tk 
altered precursors might be retained in a 
intracellular pool during G1 and also du 
ing stationary phase but might be rapid 
eliminated in prophase. Thus precursoi 
altered during G2 or early prophase woul 


TABLE 2 


tion by 5-bromodeoxyuridine at various 
tages of the interdivision interval 


No. of Amount of mutation 
treated a SH 
2 95% 
53 Pion M eehhdente 
limits 
0.30; 0.21 
80 0.25 0.32; 0.18 
iC 194 0.59 0.67; 0.51 
-0.41; 0.23 


before the next chromosome dupli- 
and mutations could only be pro- 
| by irradiation in G1 or late mitosis. 
absence of any information about 
othetical altered precursors, it was 
td to try a model experiment with 
se analogue, 5-bromodeoxyuridine, 
is known to be incorporated into 
and to be mutagenic in microorgan- 
see, for example, Litman and Par- 
0). As table 2 shows, this substance 
tagenic for Paramecium when pres- 
aring the period of micronuclear chro- 
e duplication but not when present 
uring early G1, G2, or early pro- 
Thus not enough of the analogue 
etained in the cell from early G1 to 
ation to produce detectable muta- 
although a detectable effect would 
been expected if this analogue had 
behaving in the way postulated for 
ypothetical altered precursors. It is 
ded from this finding and a priori 
erations that the altered precursor 
hesis is improbable. 

ere are two alternatives for explain- 
e mutation curve in figure 2, espe- 
the sharp break in late prophase, on 
pair hypothesis. (1) Premutational 
ige is repaired very efficiently during 
ad early prophase, possibly associated 
doubleness of chromosomes, but is 
red at the G1 rate from late prophase 
(2) Repair is not necessarily very 
sent during G2 and early prophase but 
remely efficient during late prophase 
at any damage produced earlier is 
nated before the next chromosome 
cation. We can see no good basis for 
e between these alternatives at pres- 
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Our results with G2 irradiations in Para- 
mecium and those with plant chromosomes 
stand in contrast to one another. As Dr. 
Wolff pointed out in the preceding paper, 
the proximity of the sister chromatids 
favors unions between neighboring breaks, 
resulting in more detectable damage. Such 
isochromatid sister unions should act as 
recessive lethals in the Paramecium detec- 
tion system, but the low frequency of mu- 
tations during G2 suggests that they do 
not occur. This is in line with other evi- 
dence (Kimball et al., 57; Wells, 60) that 
gross chromosome aberrations are rarely 
if ever induced in ciliates by even quite 
high doses of radiation. 

Whatever the nature of the mutations, 
the very small number produced during G2 
is strong evidence that localized chromo- 
some lesions can be repaired. It is nearly 
inconceivable that doses of several thou- 
sand roentgens would produce only the 
small number of molecular alterations in 
the chromosome that are observed as final 
mutation. The only other possibility is 
that the original alterations are to a large 
extent reparable. 


CONCLUSIONS 


Studies on recessive lethal mutations in 
Paramecium suggest at least two post- 
irradiation processes: (1) loss of premuta- 
tional damage by what can best be looked 
upon as metabolic repair of localized chro- 
mosome lesions and (2) conversion of re- 
maining damage to mutation at the time of 
DNA synthesis. Little if any mutation can 
be produced by irradiation in G2 and early 
prophase, suggesting that repair of chro- 
mosome lesions is remarkably efficient dur- 
ing one or both of these periods. 


OPEN DISCUSSION 


Swanson’ : A problem the future holds 
for us probably is a redefinition of a lesion. 
We have called it many things—meta- 
stable state, active state, potential breaks— 
but we still wonder what we mean in many 
instances. The subject is open for discus- 
sion. 

BurDETTE’? : Mr. Chairman, if you will 
permit extending this discussion to the 
~ 2 Carl P. Swanson, The Johns Hopkins Univer- 
3) walter J. Burdette, University of Utah. 
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metazoans before the next session, I would 
like to show briefly some recent results ob- 
tained in our laboratory concerning the 
protective role of antibiotics on lethal 
mutation rate in Drosophila following 
ionizing irradiation. 

Both actinomycin D and penicillin were 
tested by adding them to the medium and 
then irradiating males with 3000 r (6 ma, 
100 kvp, 1.0 mm Al, 15 cm). Lethal- 
mutation frequency on the X chromosome 
was determined by utilizing the Muller-5 
method by which it is possible to preserve 
and retest each lethal in subsequent gen- 
erations. Ordinarily only two or three 
lethals are encountered among 1000 X 
chromosomes tested. 

In one set of experiments, mutation fre- 
quency was raised to 5.73% (67/1168) 
with irradiation, but this was reduced to 
3.25% (31/952) when actinomycin D was 
added to the medium before irradiation. 
When no X irradiation was used, the rate 
was 0.10% (1/978) with actinomycin D 
treatment and 0.14% (2/1375) in the con- 
trol group. In the irradiated group, per- 
centage mutation rate was reduced from 
6.77 (68/1004) to 3.76 (39/1036) when 
penicillin was substituted for actinomycin 
Din the medium. Eight lethals were found 
among 1150 chromosomes tested when 
this antibiotic was used without irradia- 
tion. Sufficient data are not at hand to re- 
solve the interesting speculation that peni- 
cillin may enhance the frequency of 
natural mutations. 

In a series of experiments in which the 
effect of penicillin was compared to that 
of N2O, the rate of lethals following irradi- 
ation alone was 4.67 (67/1434); with ir- 
radiation and penicillin it was 2.64 (36/ 
1361); and with irradiation in the pres- 
ence of N:O it was 1.15 (18/1555). 
Penicillin added to treatment with N:O did 
not depress mutation rate additionally 
when compared to the rate of N.O and 
irradiation, but the mutation rate of 1.17 
(21/1789) was less than the values for 
irradiation and penicillin. 

When the rate of lethal mutations fol- 
lowing irradiation was determined for vari- 
ous stages of spermatogenesis from sper- 
matozoa to spermatogonia, the lower rate 
with penicillin was found at each stage. 
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This was also true when N:O was add 
the irradiation. j 
It seems justifiable, then, to conch 
that both antibiotics studied cause a} 
spectable and significant alteration in 
frequency of lethal mutations after irra 
tion in Drosophila. Further, this consi 
of a uniform diminution of rate through 
spermatogenesis, and quantitatively 
phenomenon differs from the reduction 
mutation frequency induced by the ¢g 
N.0. 
DoupNEY*: I would like to des 
some of the studies of Dr. Kada, in @ 
group, which suggest that the chlora 
phenicol effect might hold for X-ray a 
as UV-induced mutation. 1 
Dr. Kada irradiated E. coli WP2,% 
tryptophan-requiring strain, with abot t 
kr of X rays and incubated subseque1 
in liquid medium containing a rich sup 
of amino acids including tryptophan. 
plating media he used were both nutri 
broth and minimal agar medium not ¢ 
taining any nutrient broth. Thus, ino 
case he was measuring what we assume 
be the mutagenic event, as I describ 
earlier in my paper and, in the other ca 
he was measuring the expression of t 
mutation in the same way in which 
were studying it with UV. 
When he added chloramphenicol i 
mediately after irradiation, incubated f 
increasing periods of time, and plated : 
minimal agar, he got a very low level 
mutation frequency. Thus, it is clear 
with incubation no mutations are € 
pressed in the presence of chloramphe 
icol. If, however, he plated on nutrie 
agar containing medium he got 100% 
the mutations back. Thus, X-ray mut 
tions are not sensitive to chloramphenic 
in the same way that the UV-indue 
mutations are. If he waited 10 minut 
after irradiation before he added chlorai 
phenicol, he found a typical mutation fi 
quency decline process which is very co 
parable to what we get with U 
Approximately 50% of the X-ray-induc 
mutations proved to be sensitive to chl 
amphenicol added after 10 minutes. 
The other 50% of the mutations we 
being expressed, as measured by plati 


*C. O. Doudney, The University of Texas, M. 
Anderson Hospital. 


al medium, during this same 
A, so that after approximately 10 min- 
incubation, he found that approxi- 
y half of the mutations were al- 
| expressed as measured by plating on 
fnal medium and the other half were 
ive to chloramphenicol. This ac- 
ed for all the mutations. 

ida then turned to studies of a thy- 
ess, amino acidless strain. He fol- 
il reversion of the amino acid require- 
in the same way both with and 
but thymine. He found that approxi- 
y half of the mutations were ex- 
d in the absence of thymine in the 
0 minutes as measured by plating 
tquently on minimal medium contain- 
ymine but not the amino acid. Ex- 
ion then levels off at around 50% but 
he added thymine before plating, he 
e other 50% back. It thus appears 
there are two classes of mutations 
{ X-ray exposure. One half of the 
tions requires no thymine and prob- 
no DNA synthesis for induction. Ex- 
ion occurs very rapidly within 10 min- 
after exposure. This half may be due 
direct effect on the DNA. The other 
of the X ray-induced mutations are 
tive to chloramphenicol and require 
~synthesis for induction and subse- 
t expression. 

RAHAMSON’ : Would Dr. Kimball com- 
on why isochromatid breaks would 
to lethals? 

BALL: An isochromatid break will 
ce a terminal loss of chromosome 
rial and when such deficient chromo- 
s are made homozygous at autogamy 
will act as lethals. There is reason to 
e that there is no selective elimina- 
of either nuclei or whole cells before 
amy, therefore such deficient nuclei, 
duced, should survive long enough to 
rise to lethal segregants at autogamy. 
e can say is that such segregants do 
ccur after doses of about 5 kr of X 
given in micronuclear G2. 

sLLy°: Dr. Kimball, you mentioned 
5000 r in G1 does not delay the entry 
S. Have you published this? 

MBALL: We have found (Kimball, 
Jer, and Gaither, J. Cellular Comp. 
iol, 40: 427, 1952) that doses of 
t 5 kr of X rays delay division only 
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about 10 minutes. Other agents (caffeine, 
chloramphenicol, 70 kr of X rays) delay 
division and micronuclear division equally. 
Thus, it seems reasonable to conclude 
from the small delay in division that there 
is no more than a small delay in micro- 
nuclear duplication. We intend to check 
this point more carefully. 

SWANSON: Are you worried that this 
organism can take this kind of radiation 
and still plug along? It can withstand a 
tremendous amount, of course. 

KretLy: I know. But this is a question 
of the sensitivity of a biochemical system. 
It is currently said any cell, once it is in S, 
is able to continue DNA synthesis; but 
that the biochemical lesion is one in G1 
which prevents the entry into synthesis. 

KIMBALL: At considerably higher doses, 
we delay division and both macronuclear 
and micronuclear S by irradiating in G1. 
The system is very resistant but not com- 
pletely so. 


LITERATURE CITED 


Conger, A. D. 1960 Genetical protection. In, 
Radiation Protection and Recovery, ed., A. 
Hollaender. Pergamon Press Inc., New York, 
pp. 212-241. 

Doudney, C. O., and F. L. Haas 1958 Modifica- 
tion of ultraviolet-induced mutation frequency 
and survival in bacteria by postirradiation 
treatment. Proc. Natl. Acad. Sci. U. S., 44: 
390-401. 

1960 Some biochemical aspects of the 
postirradiation modification of ultraviolet-in- 
duced mutation frequency in bacteria. Ge- 
netics, 45: 1481-1502. 

Geckler, R. P., and R. F. Kimball 1953 The 
effects of hypoxia on X-ray destruction of 
kappa in Paramecium aurelia. Genetics, 38: 
663-664. 

Hollaender, A., and R. F. Kimball 1956 Modi- 
fication of radiation-induced genetic damage. 
Nature, 177: 726—730. 

Kimball, R. F. 1957 Modification of the ge- 
netic effects of X rays by treatment after irra- 
diation. In, Proceedings of the International 
Genetics Symposia, Tokyo and Kyoto, 1956. 
Published by the Science Council of Japan as 
Suppl. Vol. of Cytologia, pp. 252—255. 

Kimball, R. F., and T. Barka 1959 Quantita- 
tive cytochemical studies on Paramecium aure- 
lia. II. Feulgen microspectrophotometry of the 
macronucleus during exponential growth. 
Exptl. Cell Research, 17: 173-182. 

Kimball, R. F., N. Gaither, and S. M. Wilson 
1957 Postirradiation modification of muta- 


5 Seymour Abrahamson, University of Wiscon- 
sin. 
6 Lola S. Kelly, University of California, Berk- 
eley. 


170 


genesis in Paramecium by streptomycin. Ge- 

netics, 42: 661-669. 

1959a Reduction of mutation by post- 

irradiation treatment after ultraviolet and 

various kinds of ionizing radiation. Radiation 

Research, 10: 490-497. 

1959b Recovery of stationary-phase 
paramecia from radiation effects leading to 
mutation. Proc. Natl. Acad. Sci. U. S., 45: 
833-839. 

Kimball, R. F., N. Gaither, and S. W. Perdue 
1961 Metabolic repair of premutational dam- 
age in Paramecium. Intern. J. Radiation Biol., 
3: 133-147. 

Litman, R. M., and A. B. Pardee 1960 The 
induction of mutants of bacteriophage T2 by 
5-bromouracil. IV. Kinetics of bromouracil- 
induced mutagenesis. Biochim. et Biophys. 
Acta, 42: 131-140. 


R. F. KIMBALL 


Preer, J. R. 1948 The killer cytoplasmic fa 
kappa, its rate of reproduction, the numb 
particles per cell, and its size. Am. Na 
82: 35-42. 

Wells, C. 1960 The response of Tetrahyn 
pyriformis to ionizing radiation: strain sp 
radiosensitivities. J. Cellular Comp. Phys; 
55: 207-219. q 

Witkin, E. M. 1956 Time, temperature, pri 
synthesis: a study of ultraviolet-induced 4 
tion in bacteria. Cold Spring Harbor Sym 
Quant. Biol., 21: 123-140. 

1959 Postirradiation metabolism e 

the time of ultraviolet-induced mutations 

bacteria. In, Proceedings of the Tenth In 
national Congress of Genetics, Vol. 1, Uni 
sity of Toronto Press, Ontario, Canada, 

280-299. 


IRMAN CHARLOTTE AUERBACH! : Last 
I felt depressed about this evening 
g because we had heard so much 
the wonderfully predictable ways in 
dry spores and free DNA behave; 
felt we were coming on to something 
dingly different tonight when we deal 
living metazoans. 

t today we have had a transition to it. 
ave had already good examples of 
much more complicated living cells 
an dried spores or even dried seeds 
e free transforming principle. In to- 
’s discussion we are going even a step 
er because we are not going to talk 
the recovery of individual cells but 
ll populations; and a difficulty which 
all have to discuss is that selection 
‘een cells may lead to results which 
to be distinguished from recovery. 
fore I introduce the speakers and our 
, I should like to mention that there 
e class of recovery effects in germ 
with which we are not going to deal 
se this work has already been pub- 
; but it may not be known to every- 
that recovery from UV radiation, both 
gard to killing and in regard to muta- 
was found in Drosophila almost at 
ame time, or immediately after it had 
found by Kelner in bacteria. 

might we shall deal exclusively with 
appears to be, or may be—it may 
out in the discussion—recovery from 
effects, both in respect to the killing 
rm cells and in respect to mutation. 
ave two people dealing with mouse 
two with Drosophila work; and I 


? 


Round Table Discussion 


have a paper on silk worms which was 
given to me in Japan on which I shall re- 
port briefly. 

The main questions which we are going 
to discuss are these: First of all, dose-rate 
effects will be described and we shall dis- 
cuss whether or not they are due to recov- 
ery. Then, secondly, we shall hear about 
the effect of fractionation. Thirdly, I shall 
report briefly some data by Dr. Sobels, who 
unfortunately couldn’t come. His subject 
is posttreatment after irradiation. 

Finally we shall come to effects which 
are specific to Drosophila. When Dro- 
sophila males are irradiated and mated on 
the first day and then again on the second 
day—or only on the second day—there is 
a difference in mutation frequency be- 
tween the first and the second day—muta- 
tion frequency is lower on the second. We 
shall hear new data about this from Dr. 
Lining, and we shall have to discuss 
whether this is a recovery phenomenon. 

Another specifically Drosophila phenom- 
enon which in my opinion very probably is 
related to the previous one is this: when 
Drosophila spermatozoa are irradiated in 
inseminated females, higher mutation fre- 
quencies are obtained than when they are 
irradiated in the males. New data on this 
point will be presented by Dr. Oster, who 
tested for such a difference after treatment 
with neutrons, which do not give the first 
versus second day effect. 

We shall start with Dr. Oakberg. 


1 Charlotte Auerbach, Institute of Animal Ge- 
netics, Edinburgh. 


leasured by Cell Survival 


Ve have studied the effect of low total 
es and of low-dose rates on spermato- 
ia and oocytes of the mouse with X- 
yi y-ray irradiation. Neutron exposures 
now doses were used for relative biologi- 
| effectiveness (RBE) comparisons with 
ays. The same basic problems may be 
olved with both low dose rates over long 
e periods and with small total doses at 
Sher dose rates, since both procedures 
lult in reduction of the number of ioni- 
Hons absorbed per sensitive target vol- 
e per unit time. These results, there- 
, are of interest not only in demon- 
lating the effect of small radiation doses, 
also in evaluating the importance of 
turbances in cell dynamics in the de- 
ndence of mutation frequency on dose 


terest in the effect of varying the time 
which a radiation dose is administered 
eloped early in the history of radiobiol- 
. Total exposure time can be varied by 
anging the dose rate, by dose-fractiona- 
with rest periods between exposures, 
by various combinations of these proce- 
res. As early as 1911, Regaud and 
yzier, who were studying the effects of 
rays on the ram testis, concluded that 
.ctionation was more efficient than a 
gle exposure in the induction of steril- 
. More recently, however, Kirchhoff and 
Ibling (’37) observed no difference in 
ect on the rabbit testis when the same 
al dose was divided into 6—10 daily frac- 
ns, or given in one acute exposure. Kohn 
d Kallman (755) concluded that there 
s no fractionation effect on the mouse 
tis if the doses were given within a 4- 
y interval. If the individual dose frac- 
ns are small enough, however, as the 
}xr per day used by Langendorff and 
ngendorff (’57), the biological effect is 


yect of Dose and Dose Rate on Radiation Damage to 
Jbuse Spermatogonia and Oocytes as 
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reduced, and some male mice remain fer- 
tile after total doses of 400 to 800r. Ina 
quantitative study of cell populations in 
the mouse testis, Eschenbrenner et al. (48) 
observed a similar reduction of effect with 
chronic irradiation at greatly reduced dose 
rates. They concluded that equilibria were 
established between destructive actions of 
the radiation and regenerative capacity of 
the seminiferous epithelium, with dose 
rate, not total dose, being the primary de- 
termining factor. Thus evidence for re- 
duced effect on the seminiferous epithe- 
lium has been demonstrated both for doses 
divided into small fractions (Langendorff 
and Langendorff, 57) and after continu- 
ous irradiation at low dose rates (Eschen- 
brenner et al., 48). It is not clear, how- 
ever, whether this response is the result of 
improved survival of individual cells, or 
whether it arises from compensatory alter- 
ation in dynamics of the spermatogonial 
population. Furthermore, these apparent 
differences between experiments in the ef- 
fect of fractionation must be evaluated 
with the realization that synchrony of 
treatment with the dynamics of spermato- 
genesis may not have been the same in all 
these experiments, especially where dif- 
ferent species were used. 

Radiation damage at the cellular level 
is more clear-cut in the female since a 
fixed population of oocytes, that cannot 
be replenished in the adult, is available 
for treatment and analysis. Fertility is 
greatly improved with fractionation or con- 
tinuous irradiation at low dose rates (Rus- 
sell et al., 59), a result which can be due 
only to improved survival of individual 
cells. 


1 Operated by the Union Carbide Corporation 
for the U. S. Atomic Energy Commission. 
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Recently, Russell and Kelly (60) and 
Russell (companion paper, this volume ) 
report a frequency of mutations from sper- 
matogonia irradiated at 0.8 r/minute that 
is comparable to the frequency observed 
at a dose rate of 0.009 r/minute, but which 
is significantly below the rate obtained at 
90 r/minute. The animals irradiated at 
0.8 r/minute regained fertility at about the 
same time as those irradiated at 90 r/min- 
ute, suggesting that, while mutation fre- 
quency changed over this range of dose 
rate, killing of spermatogonia was un- 
affected. While some significant effects of 
dose rate on cell survival have been ob- 
served in the present experiments, the dif- 
ferences are small, and would not be ex- 
pected to affect the time at which fertility 
was regained by irradiated males. Cell sur- 
vival per roentgen is enhanced by dose 
rates lower than those cited above and by 
small acute doses. Similar results have 
been observed in females, suggesting com- 
mon factors in radiation response of both 
spermatogonia and oocytes. 


MATERIALS AND METHODS 


Males. Male F; hybrid mice, from the 
cross of inbred 101 females with C3H 
males were 12 weeks old at the time of 
irradiation. X-ray exposures were made 
with a GE Maximar operated at 250 kv, 
HVL 0.4 mm Cu, inherent filtration 3 mm 
Al, 15 ma for the 86 r/minute and at 1.5 
ma for the 9.3 r/minute dose rates. Cs‘ 
sources were used for y-ray exposures at 
0.8, 0.009 and 0.001 r/minute. Co™ y rays, 
at 3.8 r/minute, were used for low acute 
doses in the y ray-neutron comparisons. 
RBE determinations were based on irradi- 
ation with neutrons of average energies of 
2.5 and 14.1 Mev from a Cockcroft-Walton 
linear accelerator. 

_ All males were killed by cervical disloca- 
tion 72 hours after exposure and the testes 
fixed in Zenker-formol. Five-micron paraf- 
fin sections were stained by the PAS tech- 
nique, with Ehrlich’s hematoxylin as a 
nuclear stain. Ninety-nine tubule cross- 
sections, distributed among the different 
stages of the cycle on the basis of a pre- 
viously determined frequency of tubule 
stages (Oakberg, 56) in control mice, were 
scored for each mouse. Round tubules, 
with regular cell layers, were selected un- 
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der low power, and spermatogonial cou 
were then made using the oil immers 
lens. Preleptotene spermatocytes in st 
VII tubules were also counted. All cou 
were converted to experimental/con 
ratios. 

Females. Hybrid (101 X C3H) fem 
were irradiated when 3-4 months old. 
rays, 86 r/minute, were used for the 
exposure. A Co™ source giving a dose r 
of 2.85r/minute was used to give do 
of 1-25 r. Continuous irradiation at 0. 
r/minute was obtained with a 5 Curie C 
source. At 0.009 r/minute the expos 
times were long, and the onset of radiat 
was timed in such a manner that the 
males were of the same age (+3 days) 
the completion of exposure. Mice were r 
domized among the various dose grou} 
and the unirradiated animals were ha 
until completion of irradiation in order 
control the decrease in oocyte numb 
known to occur with increase in age. 

All mice were killed 72 hours after | 
radiation, and the ovaries fixed in Zenk! 
formol. Seven micron serial sections we 
prepared and stained in hematoxylin Azu 
II-eosin. The survival curves in figure} 
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Fig. 1 Survival of stage I and stage II ooc’ 
of the 10-day mouse 72 hours after exposure 
Co® y rays. Indicated LD; o’s for stage I are & 
(95% confidence limits 7.2 and 9.7 1r) for stage 
9.4r (95% confidence limits 6.7 and 14. 
respectively. 
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based on the number of oocytes in 8 
S sections from the central portion of 
series for each ovary. Adjacent sec- 
s and imperfect sections were not used. 
in table 4 are based on counts of the 
e series for each ovary. Data pre- 
ed here refer only to stage I and stage 
cytes; i.e., oocytes with only a few as- 
ated follicle cells or a single layer of 
ened cells, respectively. 


RESULTS 


ales. The square root of the cell count 
used for statistical analysis of the 
ct of dose rate on survival of type A 
atogonia. Variance analyses were 
on the 11, 21, and 100r doses at 86, 
and 0.8 r/minute as a group, and on 
5 and 11 r exposures at 0.8 r/minute 
0.009 r/minute as a group. A com- 
ison of the three dose rates was also 
e within each of the 300 and 600r 
osures for each killing time. Signifi- 
t dose-rate differences were observed 
he 11-100r (F = 9.66, df 2 and 54) 
300 r 5-day (F = 7.86, df 2 and 18) 
ups. 

ree and one-half minutes and 6 hours 
33 minutes are required to give 300r 
86 r/minute and at 0.8r/minute re- 
Ctively. On the other hand, it takes 
t over 23 days to administer 300r at 
09 r/minute. Thus, while it is conceiv- 
e that the dynamics of spermatogonial 
wth and division do not complicate the 
ult in the 312 minute vs. 612 hour com- 
ison, they would do so in the 6% hour 
23-day comparison. For this reason it 
Ss necessary to make some dose-rate 
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comparisons at low total doses where it 
was possible to stay within a relatively 
short time interval even at the lowest dose 
rate. 

At 5 and 11r, the extent of cell killing 
was slightly lower than that observed at 
higher dose rates (table 1). This dose rate 
of 0.009 r/minute must permit some re- 
covery at the cellular and/or population 
level, however, since survival, observed 
after 300r, was significantly improved 
over that obtained after higher dose rates. 
(In order that the comparisons be made 
on minimum survival for all dose rates, 
the data for 0.009 r/minute were re- 
stricted to 6, 12, and 18 hours after the 
end of irradiation. At later intervals, sper- 
matogonial numbers in chronically irradi- 
ated mice are significantly increased by 
cell division.) Eventually, however, the 
mechanism giving improved survival after 
300 r at 0.009 r/minute breaks down, and 
the number of spermatogonia is 6% of 
control at 600 r, which is not significantly 
different from survival at higher dose 
rates. Type A spermatogonia were reduced 
to only 80% and 85% of control by ex- 
posure to 100 and 300r respectively, at 
0.001 r/minute. This repopulation indi- 
cates either greatly reduced cell-killing, 
significant alterations in the cycle of germ 
cell renewal to maintain cell populations, 
or differential killing of the various devel- 
opmental stages of type A spermatogonia. 
At 0.001 r/minute, not even low total doses 
can be used to analyze cell-killing inde- 
pendently from cell repopulation, since the 
time required to give even Sr greatly ex- 
ceeds spermatogonial generation time. 


TABLE 1 


Experimental/control ratios for type A spermatogonia after irradiation at different dose rates 


Dose rates, r/minute 


Post- : 
Dose irradiation X rays Cs137 y rays 
interval 
86 9.3 0.8 0.009 0.001 
T days 
5 3 0.856 0.933 
11 3 0.810 0.825 0.758 0.783 
Ail 3 0.611 0.710 0.570 
100 3 0.220 0.260 0.190 0.796 
300 3 0.119 0.134 Ons? 1 0.8461 
300 5 0.075 0.083 0.104 HE. 
600 o 0.075 0.086 0.095 0.0611 
600 5 0.026 0.028 0.042 


1 Combined values for 6, 12, 18 hours after 


end of irradiation. 
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SURVIVAL OF SPERMATOGONIA AND OOCYTES INCF 
TABLE 3 
Estimates of cell survival based on total‘ cell counts 
Co80 + rays 2.5 Mev neutrons 14.1 Mev neutrons 
Total Exp. Tr E 
eS D otal __ Exp. _ Total Exp. 
cells Control one cells Control BLES cells Control 


Se ee ee ee Oe anne: 


one rad rad 

2 10) 7,972 0 7,912 

See 1.066 0.25 7,496 0.990 0.47 7,004 0.998 
7,498 0.990 0.51 Ut 1.022 0.98 7,393 0.976 
8,687 0.956 0.72 7,690 1.016 1.51 7,210 0.952 
8,778 0.966 0.96 7,637 1.009 2.43 7,011 0.926 
8,672 0.954 1.47 noo 0.993 3.0 6,723 0.888 
8,756 0.964 1.98 6,639 0.877 5.0 6,420 0.848 
8,101 0.892 3.59 6,197 0.818 

8,370 0.921 5.09 6,183 0.817 

7,690 0.846 7.42 5,556 0.734 

e222) 0.685 


d 


dose for neutrons. 


order to obtain improved statistical 
bility, counts for the three different 
types (table 2), were combined over 
range of doses where no significant 
rences attributable to cell type oc- 
ed (Oakberg, 57). An effect was ob- 
ed for 3 rads of Co” y rays, 2 rads of 
Mev neutrons, and 1.5 rads of 14.1 
neutrons (table 3). The lack of re- 
se at lower doses may be explained 
er by a multi-hit basis for cell killing, 
by cellular repair and/or protection. 
se results are in agreement with the 
Its of Langendorff and Langendorff 
), who divided the total dose into 2.5r 
tions. It should be pointed out, how- 
r, that in the present material, the lack 


ounts for type A spermatogonia, type B spermatogonia, and resting primary spermatocytes com- 


ata based on 5 mice per dose for 1 and 2 r; 6 mice per dose for rest of y ray exposures; 5 mice 


of response at low doses could result from 
technical difficulties. Differences in sec- 
tion thickness and intensity of staining 
could mask the effect of 1 or 2 rads. 

The relative biological efficiencies of 
neutrons as compared to y rays computed 
from the data of table 2 are given in table 
4. Two sets of RBE’s were computed, one 
for each cell type over the entire dose 
range for the two neutron energies, and a 
second set for the combined survival of 
all cell types at low doses. In the latter 
computation, data for the three cell types 
were combined for the dose range where 
no significant differences in survival of the 
different cells were observed, i.e., for 1-23 
rad for Co” y rays, 0.5—-5 rad for 14.1 Mev, 


TABLE 4 
RBE of neutrons to Co” y rays for spermatogonial killing 


RBE 
Neutron Cell type Lower Upper 
95% Point 95% 
ee je eoecs onfidence eetimate confidence 
limit limit 
14.1 Mev A 1.41 1.76 2.76 
B 2.19 2.52 2.89 
RPS nite 2.38 2.69 
Pooled! 4.39 8.18 16.42 
2.5 Mev A 1.26 1.89 3.32 
B 1.22 1.85 253 
RPS 0.73 1.10 1.49 
Pooled’ 0.68 3.03 6.80 


1 All three cell types combined for low dose ranges only: (1-23 rad for Co® y rays, 
0.5-5.0 rad for 14.1 Mev neutrons, 0.25—7.42 rad for 2.5 Mev neutrons ). 
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TABLE 5 
Effect of dose rate on survival of primary oocytes of the mouse | 
A No. of Experimental 
ee AG ee Dose Radiation r/minute ale a 
T 
ie 1 0 —_ — 4,192 
10 1 25 Co® vy 2.85 82 0.030 
10-12 af 6) ~- — 5,090 
10-12 i 26 C187 y 0.009 672 0.132 
7-14 iL 0) — — 4,819 
7-14 i 91 Cs137 vy 0.009 2 0.0004 
70 3 (0) —_ — 9,121 
59 3) 50 X rays? 87 12 0.0013 
coz il 0 — — 1,303 
133-136 if 44 Cs istic: 0.009 407 0.312 
125-131 1 87 Cs187 0.009 364 0.279 
119-132 1 164 Csi 0.009 24 0.074 


1 All mice killed 72 hours after exposure. 


2 Head shielded with lead during irradiation. 


and 0.25—7.42 rad for 2.5 Mev neutrons 
(table 3). These “pooled” RBE’s (table 4) 
of 8.18 for the 14.1 Mev and 3.03 for the 
2.5 Mev neutrons were higher than any 
values obtained for the separate cell types. 
This difference was significant for the com- 
parison between “pooled” and all three cell 
types for 14.1 Mev, and for the “pooled” 
vs. type B and RPS comparisons for 2.5 
Mev neutrons. The lower RBE with 2.5 
Mev rather than with 14.1 Mev neutrons 
was unexpected, but the difference is not 
Statistically significant. However, it may 
be compatible with the conclusion of 
Storer et al. (57) on optimum energies for 
maximum RBE. 

Females. Primary oocytes in early fol- 
licle stages provide unique material for 
evaluation of the effect of radiation at the 
cellular level, since (1) they are in a rela- 
tive uniform meiotic prophase stage, the 
dictyate, (2) they are sensitive to radia- 
tion-induced cell death, and (3) their 
losses cannot be replaced by cell division. 
Reduction of the dose rate, in both young 
and adult mice (table 5) significantly de- 
creases cell death. In young mice, only 3% 
survival of stage I oocytes was observed 
after 25r of Co” y rays given at 2.85 
r/minute, but 13% survival was obtained 
after 26 r of Cs’ y rays at 0.009 r/minute. 
In adult mice, not even 164r at 0.009 
r/minute reduced oocyte numbers to the 
0.13% survival observed after 50 r of 
X rays at 87 r/minute. Eighty-seven r at 
0.009 r/minute gave 28% survival in 
adult females, which is higher than the 


13% observed after 26 r to young mic 
the same dose rate. Thus, we concl 
that either oocytes in young mice are m¢ 
sensitive to radiation, or that repair pri 
esses are more efficient in adult female 
Curves for cell survival at low ac 
doses comparable to those observed 
spermatogonia are obtained for stage I 
II oocytes (fig. 1). The shoulders on ¢ 
curves occur below 10r, just as for sp 
matogonia. Although we have no ¢ 
parable dose curves for oocytes of a 
females, the similar response of oocytes 
young and adult females to reduction 
the dose rate suggests that adult fema 
also should show a similar response at ] 
acute doses. : 
DISCUSSION | 
The mechanisms involved in radiati 
induced cell death are not well understo¢ 
but probably are quite varied. The o1 
mechanism directly observed thus 1 
is the heteroploidy and/or aneuploidy 
daughter nuclei arising from irradiati 
of the parent cell. This must be a mir 
factor in these experiments, however, sir 
most spermatogonia probably die in 1] 
interphase or early prophase before di 
sion (Oakberg, 55), and early oocytes < 
in meiotic prophase (dictyate) and usua 
die within hours after irradiation, bef 
meiotic division is possible. While o1 
the nucleus has been shown to have ser 
tivity compatible with effects obser 
after the doses used in these experimer 
the possibility of effects on other cell s 
tems has not been excluded. Since red 


of the dose rate to 0.009 r/minute im- 
es survival at 300r (table 1) and a 
ier reduction to 0.001 r/minute gives 
ked increase in survival, some repair 
adiation damage must be occurring. 
repair may possibly involve direct 
ction by various systems of the cell, 
could be a repair mechanism depend- 
on cellular metabolism as has been 
n for chromosome rejoining (Wolff 
Luippold, *55; Wolff, 60), and for 
pletion of certain mutations in para- 
ia (Kimball et al., 61). 
rvival curves suggest that multi-hit 
omena are involved both in the killing 
ocytes, which are in a single meiotic 
hase stage (dictyate), and of all three 
s of spermatogonia, which are in vari- 
stages of the mitotic cycle. There is 
rea of less slope (shoulder) on the sur- 
1 curves below 10r both for oocytes 
. 1) and for spermatogonia (tables 2 
3). It is especially important that 
shoulder also is obtained with scoring 
both preleptotene spermatocytes and 
tes, since the spermatogonia that give 
to preleptotene spermatocytes in stage 
tubules 72 hours after irradiation al- 
y have differentiated irreversibly to- 
d production of sperm, and oocytes are 
eiotic prophase and cannot be replaced 
mitosis. Thus the response in these 
s is independent of the possibility of cell 
acement which could confound the 
onse of type A spermatogonia. Since 
cell types show this shoulder at low 
es, the simplest hypothesis is one postu- 
ng a similar mechanism for cell-killing 
all spermatogonial and early oocyte 
es. 
hese changes in RBE with dose (table 
ould arise from different dose-response 
es, for example, a straight line for neu- 
s and a curvilinear one for 7 rays 
ld give higher RBE’s at low doses. The 
a (tables 2, 3), however, indicate that 
asic shape of the curves is the same 
y rays, and for 14.1 Mev neutrons, 
h a shoulder and a succeeding approxi- 
tely linear component on a semi-log 
t. 2.5 Mev neutrons, however, give an 
ponential curve. Also, it might be ex- 
ted that the higher LET of neutrons 
uld result in irreparable damage to the 
yjority of those cells “hit”, while with 
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less densely ionizing y rays the probability 
of accumulating enough multiple hits to 
give lethal damage would be smaller at 
low doses. In this context, it is puzzling 
that the lowest dose of neutrons did not 
give some effect, but show a range of doses 
with no effect just as for y rays. This prob- 
ably is not a true biological phenomenon, 
but the result of variability introduced by 
differences in section thickness and stain- 
ing intensity. One must consider, also, 
that even with radiation of high LET there 
must be a surrounding zone of diminish- 
ing effect for each “track” in which distri- 
bution of ionizations may be comparable 
to those obtained with y rays. Thus at 
least part of the reduction in effect with 
low neutron doses may be comparable to 
that observed with y rays. 

One of the most pertinent comparisons 
to be made with the data of table 1 is with 
mutations produced in type A spermato- 
gonia by irradiation at 0.8 r/minute, where 
Russell and Kelly (’60) observed a fre- 
quency which agreed closely with the re- 
sults after 0.009 r/minute, but was signifi- 
cantly lower than the frequency at 90 
r/minute. The significant effect of dose 
rate on spermatogonial survival observed 
aie iil, Dil, eval WOOi awe BY, ©).6), etic! O83 
r/minute can be attributed to a low value 
at 0.8 r/minute, an intermediate one at 
9.3 r/minute, and the highest value at 
86 r/minute. Therefore, while showing an 
effect, the change does not parallel change 
in dose rate (table 1), and it is possible 
that technical errors are responsible. This 
is even more likely in view of the fact that 
there is little or no dose-rate effect on 
survival at the higher doses, and if there 
is an effect, it is in the opposite direction 
from the above. 

In three of the four comparisons at 
higher doses, the difference in survival 
was not significant at the 5% level. In the 
remaining one, 300 r 5-day group, the dif- 
ference was significant at the 1% level. 
At the dose of 600 r as used in W. L. Rus- 
sell’s mutation study, survival was not 
significantly affected by changes in dose 
rates. This suggests that the mechanisms 
involved in mutation production may be 
different from those leading to cell death. 
Also, this result strongly supports the pre- 
vious conclusion of Russell et al. (758, 59) 
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that the effect of dose rate on mutation fre- 
quency in spermatogonia is not the result 
of cell selection. 


SUMMARY 


1. While some significant differences 
attributable to dose rate were observed, 
they were not consistent throughout the 
experiment. In order of increased survival, 
the rank was 0.8, 86, and 9.3 r/minute for 
doses of 11-100 r, and 86, 9.3, and 0.8 
r/minute at 300 and 600 r. 

2. Russell (companion paper) observed 
a 4-fold reduction in mutation frequency 
over the 86 to 0.8 r/minute dose range at 
a total dose of 600 r. In the present experi- 
ments at these dose rates spermatogonial 
survival for 600 r is highest, but not sig- 
nificantly so, at 0.8 r/minute. Thus these 
data support the conclusion that cell selec- 
tion is not involved in the dose-rate effect 
on mutation frequency in spermatogonia. 

3. A marginal effect of dose rate on 
spermatogonial survival was observed at 
0.009 r/minute, and significant improve- 
ment in survival was obtained at 0.001 
r/minute. 

4. Reduction in number of spermato- 
gonia was detected after 3 rad of Co” 
Y rays, 2 rad of 2.5 Mev neutrons, and 1.5 
rad of 14.1 Mev neutrons. The lack of 
effect at lower doses probably is not of bio- 
logical origin, but the result of variation 
introduced by technical difficulties. 

5. Both oocytes and spermatogonia give 
multi-hit survival curves, with a shoulder 
in the 3-10r dose range, i.e., doses high 
enough to give a detectable effect. Since 
this effect was obtained both for oocytes 
and for spermatogonial stages where no 
cell replacement by division could occur, 
phenomena at the cellular level are indi- 
cated. 

6. Since any loss of oocytes cannot be 
replaced by cell division, the improved 
survival of these cells at 0.009 r/minute 
over higher dose rates conclusively demon- 
strates the existence of cellular systems 
which either prevent or repair a portion of 
the radiation damage. The fact that oocyte 
survival after chronic irradiation is higher 
in adult than in young females suggests 
either less effective elimination of radia- 
tion damage, or a higher sensitivity of 
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comparable oocyte stages in young | 
males. 
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OPEN DISCUSSION 


Mongsr?: In one cycle of the se 
niferous epithelium of the mouse testi 
generations of type A spermatogonia, 
of intermediate and one of type B sper 
togonia occur, as shown by using tritia 
thymidine and autoradiography. The g 
eration time is about the same in 
generations, or 27 to 30 hours. The j 
DNA synthetic time, including the mito 
stages from metaphase through teloph 
and the resting phase preceding DNA s 
thesis is also fairly uniform, or 8 to 1 
hours. The DNA synthesis, that oc 
throughout the second half or the last 4 
of the interphase, and the post-DNA sy 
thetic time, that corresponds essentially; 
the duration of prophase, are instead v 
different from one generation to anoth 
DNA synthesis is very long, about 1 
hours, in type B spermatogonia, a lit 
shorter, about 13 hours, in intermedia' 
and gradually shorter from the 4th (J 
hour) to the first (7-hour) type A gene: 
tion. The post-DNA synthetic time shoj 
the reverse pattern. It is very short, abo 
4% hours, in type B spermatogonia, 
little longer, about 6 hours, in intermedi< 
spermatogonia, and gradually longer fre 
the 4th (8-hour) to the first (14-hou 
type A spermatogonia generation. 

ALEXANDER®: Do you feel that int 
phase death of lymphocytes is similar 
the type of interphase death you have stt 
ied in these spermatogonia and oocyte 
Secondly, are there any other cells th 
you know of besides lymphocytes, thyn 
cytes, and the two germ cells you spo 
about which show interphase death at k 
doses? Do you have any reasons that wot 
lead you to think that the mechanisms 


?Valerio Monesi, Oak Ridge National Labo 
tory, Oak Ridge, Tennessee. 

3 Peter Alexander, Chester Beatty Research 
stitute, London. 


hase death of lymphocytes are simi- 
o the mechanisms of interphase death 
€ spermatogonia and oocytes which 
have just been telling us about? 

AKBERG: I don’t know about the death 
phocytes in interphase. I imagine 
e of this is the same as what we ob- 
ed here. In vivo, in the intact animal, 
ave a special problem in the lymph- 
e as we all know, in the stress syn- 
e. How this may be involved, I don’t 


LEXANDER: Does the stress syndrome 
ate on the germ cells you have studied? 
AKBERG: To our knowledge, no. The 
evidence is that local radiation to the 
es alone is the same as total body ex- 
re, precisely the same. There is an 
r in the literature on this point, but 
has been corrected. 

ow to get to your other question: Yes, 
is well known in other cells. The first 
k on this was done in Gliicksmann’s 
ratory, on tadpoles. 

vANS‘: This brings me to a point. 
ually where in fact do your cells die? 
cksmann says his cells died in late 
rphase. Can you get anywhere near 
9 


AKBERG: If one has ever looked at 
se dead cells, when they get to the point 
t you can see they are dead and then 
when they started to degenerate, one 
appreciate the difficulties of precisely 
ermining this point. Let’s put it some- 
ere in interphase, or in very early pro- 
se. 

VANS: They made the point that they 
d two types of cell death. Firstly, death 
e to what they called the “ordeal of 
tosis,” that is when cells got as far as 
tosis they collapsed and died. And sec- 
dly that most cells didn’t quite make 
: mitotic barrier, but died in late inter- 
ase. 

OAKBERG: I agree. This brings up an- 
er point, namely, the study of mitotic 
lex in any cell system like this, where 
large number of cells die before they 
1 divide. Some type A spermatogonia 
1 appear perfectly normal for about 31% 
ys, then degenerate just before they 
ey their first post-irradiation division. 
us while most spermatogonia die and 
npletely disappear within 20 hours, a 
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significant proportion of the surviving 
cells after this time may appear normal, 
but will degenerate before division occurs. 
Accordingly, data on mitotic index of ir. 
radiated spermatogonia must be _ inter- 
preted with extreme caution. 

KapLan® : Do you know whether they 
succeed in replicating a full complement 
of DNA before they die, or is there some 
indication that the DNA replication system 
in this particular instance is involved? 

OAKBERG: Dr. Monesi will correct me if 
I am wrong. The cells that have com- 
pleted DNA synthesis are more resistant 
to radiation than those that have not yet 
begun. So I think this brings the sperma- 
togonia in line with other cells. 

Monksti: The spermatogonia of the mouse 
seem to be much less sensitive to radiation 
following completion of DNA synthesis 
than during or before DNA synthesis. 
This is shown by injecting tritiated thy- 
midine intraperitoneally into mice one 
hour prior to irradiation with X rays and 
scoring the number of labeled and un- 
labeled degenerated spermatogonia at vari- 
ous time intervals after radiation in auto- 
radiographs. The different lengths of 
post-DNA synthesis times could account 
for the greater X-ray sensitivity of type B 
spermatogonia, in which the radioresistant 
post-DNA synthetic time is very short 
(4% hours) and the radiosensitive DNA 
synthetic time very long (14% hours). 
Variations in DNA synthetic time and post- 
DNA synthetic time also could be related 
to the heterogeneity of the X-ray sensitivity 
of type A spermatogonia, because the type 
A population is constituted of 4 cell gener- 
ations each having different durations of 
the X-ray sensitive and of the X-ray resist- 
ant period of the cellular cycle. 

VON BorsTEL' : Even at the more resist- 
ant stage, do the cells die before going 
into metaphase? 

OAKBERG: Yes, they die the same way, 
but one can swamp this out with high 
doses. If you raise the dose high enough 
you kill all of them regardless. 


4H. J. Evans, Brookhaven National Laboratory, 
Long Island, New York. 

5 Henry S. Kaplan, Stanford University, Stan- 
ford, California. 

6 R. C. von Borstel, Oak Ridge National Labora- 
tory, Oak Ridge, Tennessee. 
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KELLy’ : To complete the answer to Dr. 
Alexander’s question, there is one very 
interesting class of cells which seems to 
have the same type of interphase death. 
As Dr. Hicks and others have shown, that 
is a large group of embryonic neural cells 
which die within a few hours after radia- 
tion. This seems to be the source of the 
major abnormalities if embryos are ir- 
radiated. I think that eventually it will 
be proven that many bone marrow and 
intestinal cells also suffer interphase rather 
than reproductive death. 

OAKBERG: Yes, there are other tissues, 
too, where this occurs. I think if this were 
looked for, it would be seen in a wide range 
of germinative tissues—not only the em- 
bryonic nerve cell. 
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recent publication (Russell, Russell, 
Kelly, 60) summarizes much of our 
on the effect of radiation dose rate 
utation frequency. The present paper 
sses the results so far obtained in 
experiments that have not yet been 
leted. Details of these experiments 
be reported elsewhere: it seemed more 
opriate, here, within the framework of 
nd-table discussion, to summarize the 
lusions that can be drawn, and to 
ge in some speculation concerning 
ature and the role of “recovery” proc- 
in the dose-rate effects that we have 
rved. 
e new experiments confirm the real- 
f a dose-rate effect on mutation fre- 
cy and provide additional evidence 
the view that the effect is an intra- 
lar one and not a consequence of cell 
tion. Two of these experiments have 
discussed briefly elsewhere (Russell 
Kelly, 60; Russell and Kelly, ’61). 
showed that the mutation frequen- 
at specific loci in spermatogonia of 
irradiated at intensities of 0.001 r/ 
ute and 0.8 r/minute, respectively, in 
two experiments, were significantly 
r than the mutation frequency ob- 
ed earlier from 90 r/minute irradia- 
The total doses used were 86 r and 
r in the first experiment and 600 r in 
second. It may be recalled that the 
inal demonstration of a dose-rate ef- 
in spermatogonia and oocytes was 
d on a comparison of 90 r/minute 
_0.009 r/minute intensities (Russell 
Kelly, 58; Russell, Russell, and Kelly, 
yeyin a third experiment, the mutation 
yuency in oocytes irradiated at 0.8 r/ 
uute for a total dose of 400 r was found 
be significantly below that observed 
en the same dose was delivered at 90 r/ 
ute. Thus, all three experiments con- 
1 the existence of a dose-rate effect. 
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The second experiment described above 
provides the best evidence, to date, that 
the dose-rate effect on mutation in sper- 
matogonia cannot be attributed to cell 
selection. In this experiment with 0.8 r/ 
minute irradiation, the length of the tem- 
porary sterile period following irradiation 
was no shorter than that observed at the 
higher dose rate of 90 r/minute. It ap- 
peared that the amounts of spermatogonial 
killing must be similar at the two dose 
rates. This was confirmed by actual meas- 
urement of spermatogonial survival at dif- 
ferent dose rates, and at several doses 
within each dose rate, described in the 
accompanying paper by Oakberg and 
Clark. Thus, reducing the dose rate from 
90 r/minute to 0.8 r/minute markedly 
lowers mutation frequency, but causes 
little or no change in the amount of killing 
in the cell population in which the muta- 
tions occur. The dose-rate effect on muta- 
tion in spermatogonia is, therefore, not 
dependent on cell killing. This greatly 
strengthens the view that the lower muta- 
tion frequency obtained at lower dose rates 
is a result of an intracellular “recovery,” 
repair or prevention process. 

Additional support for this view comes 
from the oocyte experiment in which the 
mutation frequency from 0.8 r/minute 
irradiation proved to be significantly below 
that from 90 r/minute irradiation. The 
effect of a total dose of 400 r on fertility 
is similar at these two intensities. In both 
cases, the females produce an average of 
between one and two litters before becom- 
ing sterile. Thus, as with the spermato- 
gonia, the dose-rate effect on mutation 
cannot be explained in terms of cell killing. 

The above oocyte experiment also seems 
to rule out another factor that could con- 


1Qperated by Union Carbide Corporation for 
U. S. Atomic Energy Commission. 
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ceivably have played a role, namely, fol- 
licle stage. The total time required to give 
400 rat 0.8 r/minute is only about 8 hours, 
which is much less than the variation in 
interval between irradiation and first mat- 
ing that occurs within experiments. Thus, 
there can hardly have been any significant 
difference in the follicle stages involved 
in the 0.8 r/minute and 90 r/minute ex- 
periments. Again, it seems likely that the 
dose-rate effect on mutation can be ex- 
plained only in terms of an intracellular 
repair or prevention process. 

Having concluded that the evidence 
points strongly toward a repair or preven- 
tion mechanism, it is of interest to exam- 
ine the results of the above experiments, 
and others, to see what additional informa- 
tion can be deduced about the nature of 
this presumed mechanism. 

In the experiment (Russell and Kelly, 
°60) in which spermatogonia were irradi- 
ated at a dose rate of 0.001 r/minute, the 
mutation frequency is significantly higher 
than in the controls (P = 0.002). Thus 
there is no indication of a threshold dose 
rate, even at what is, as far as we know, 
the lowest dose rate ever tried in laboratory 
mutation rate experiments with animals. 
An additional point of interest is that the 
mutation frequency at 0.001 r/minute is 
not significantly different from that ob- 
tained at 0.009 r/minute. Thus, there is, 
so far, no evidence that lowering dose rate 
below 0.001 r/minute would result in any 
further reduction in mutation frequency. 
These data indicate that the repair or pre- 
vention process cannot eliminate all muta- 
tions in spermatogonia: approximately 
25% of the mutations occurring at high 
dose rates cannot be prevented even when 
the dose rate is dropped to a very low 
level. 

After many years of belief in the ab- 
sence of a dose-rate effect on mutation, 
and in the existence of dose-rate effects 
on somatic damage, it is something of a 
paradox to find, in the spermatogonia ex- 
periment with 0.8 r/minute irradiation, 
that, as compared with 90 r/minute ex- 
periments, there is a large dose-rate effect 
on mutation and little or none on cell 
killing in the very same population of cells. 
At much lower dose rates, Oakberg and 
Clark (61) have found clear evidence of 
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a marked dose-rate effect on cell kill 
However, the conclusion would seem jul 
fied that the processes that operate inj 
repair or prevention of the mutatioy 
steps are not working in parallel with 
ones that promote recovery from soma 
damage. 

A similar lack of parallelism is fou 
in the oocyte experiments. Data from { 
90 r/minute and 0.8 r/minute irradiatic 
(400 r total dose) show little differer 
in their effects on fertility (oocyte killin 
but a marked difference in mutation 
quency. At lower dose rates, fertility d 
show a dose-rate dependence (Russ 
Stelzner, and Russell, 59), and this agre 
with effects on oocyte survival (Oakbe 
and Clark, °61). 

As the data accumulate, there seems; 
be increasing evidence for a difference 
the dose-rate response in spermatogor 
and oocytes. Earlier results (Russell, R 
sell, and Kelly, 60) already indicated tk 
the effect might be greater in oocytes. 
present trend in the results from 0.8 
minute irradiation of oocytes suggests 
the mutation frequency may turn out} 
be intermediate between those from 90 
minute and 0.009 r/minute irradiatio 
This is in contrast to the present dé 
from spermatogonia, where 0.8 r/min 
and 0.009 r/minute results do not di 
significantly. Of course the spectrum 
mutations in oocytes probably differs tre 
that in spermatogonia: e.g., d se defici 
cies seem to be common in the former 
not in the latter (Russell and Russe 
60). This must certainly be kept in mii 
in making comparisons. More data a 
needed before firm conclusions can — 
drawn, but the information already ¢ 
tained increases the probability that mal 
and females will show different dose-re 
responses. 

Since mutant genes are, in gener. 
quite stable, it seems reasonable to spec 
late that, if the lowered mutation fi 
quency at low dose rates is a result 
repair, then this is probably not repair 
a completed mutation, but repair of a p 
mutational damage. Regardless of wheth 
one visualizes the dose-rate effect as bei: 
due to repair of premutational damag 
or to prevention of completion of the m 
tational steps, the induction of mutati 


mization is pictured as a somewhat 
ct process. This view is supported 
idence from other organisms (see 
imball and Wolff, this volume). On 
asis one would expect to discover a 
greater number of factors affecting 
tion than was anticipated on the 
, simpler view in which dose-rate 
endence was a kingpin. Thus we 
d not be surprised to find that cell 
is an important factor, not only in 
ing the qualitative nature of the mu- 
s induced, but also in influencing 
things as the dose-rate response. 
ermore, some of the long established 
gs need to be looked at from the 
point of view. The absence of a 
rate effect in spermatozoa may be 
as an example. This used to be re- 
d as a basic phenomenon from which 
s safe to generalize to all germ cells. 
aps it should now be looked upon as 
dd phenomenon, restricted to sper- 
zoa, and occasioned by the peculiar 
re of the specialized spermatozoon 
“Recovery” is a far more basic feature 
iological material, and the evidence 
ssed here indicates that it plays an 
rtant role even in the radiation in- 
ion processes of mutation in germ 


OPEN DISCUSSION 


ANS’ : I take it that these mutations 
ve some of the 7 specific loci which 
group and the Harwell group have 
studying. Is that correct? 

SSELL: Yes. 

ANS: Do you have any double mu- 
? In essence, what are your muta- 
? Are they in fact point mutations or 
rearrangements such as deficiencies, 
ications, and so on? 

e point behind the question is that, 
ey are structural rearrangements, then 
il to see how recovery can operate. 
nderstood the Harwell data include 
e double mutants which looked to me 
e suspicious in the sense that they 
ht be deficiencies. 

USSELL: From the irradiation of post- 
matogonial stages and oocytes, we 
2 frequently obtained double mutants 
he closely linked d and se loci. How- 
, from irradiation of spermatogonia, 
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we have observed only one case of such 
a double mutant, in spite of a large num- 
ber (over 60, as I remember it) of single 
d and se mutations. Thus, there is no evi- 
dence for deficiencies being common in 
one of the very cell stages in which we 
find a marked dose-rate effect. 

In addition to this, in Drosophila, Alex- 
ander and Ward who, like us, worked on 
specific locus mutations induced in sper- 
matogonia, looked cytologically at these 
mutations and found not a single deletion 
or other chromosomal aberration, whereas, 
with the same procedure in spermatozoa, 
a high proportion of the specific locus mu- 
tations were found to be associated with 
chromosomal aberrations. 

Voice: In line with Dr. Evans’ question, 
are any of your mutations lethal when 
homozygous? 

RussELL: About 75% of the specific 
locus mutations in spermatogonia are ho- 
mozygous lethal. 

Evans: It looks suspicious, doesn’t it? 

RussELL: Not necessarily. Alexander 
and Ward also found a high proportion of 
lethals, and these, as I have just mentioned 
were not associated with chromosomal ab- 
errations. I think Dr. Valencia could con- 
tribute something interesting on this point. 

VALENCIA® : We have analyzed 58 muta- 
tions at 10 specific loci on the X chromo- 
some of Drosophila, induced by X irradia- 
tion of females. Of 15 mutations induced 
in mature oocytes, 12 were associated with 
chromosome aberrations, mostly small de- 
ficiencies. On the other hand, of 17 muta- 
tions induced in oogonia, although 10 were 
lethals, only three were associated with 
detectable chromosome aberrations (two 
deficiencies and one translocation). Now 
it is possible that these three aberrations 
were recovered from cells which actually 
were beyond the gonial stage at the time 
of treatment, but which were somehow 
held in the ovariole longer than usual and 
were tested with the gonia. At any rate 
our data agree that aberrations are either 
never or at most very rarely recovered from 
gonia. 


2H. J. Evans, Brookhaven National Laboratory. 
3R. M. Valencia, Argentine Atomic Energy 
Commission. 
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LUninc’ : May I ask Dr. Russell whether 
the lethals are occurring mostly shortly 
after the sterile period, or if the lethals 
are distributed equally from mutations ob- 
tained from the first and the second half 
of that period? 

RUSSELL: I suspect that they are about 
equally distributed. I haven’t made a tabu- 
lation on this point, but from looking at 
the data as they come in, I am pretty 
sure the lethals are about evenly dis- 
tributed. 

AUERBACH®: I don’t understand Dr. 
Evans’ question. I think it raises the 
whole problem of what is recovery. There 
is no reason why the prevention of the 
termination of some event should not oc- 
cur equally well with chromosome break- 
age or reunion as with mutation. Further- 
more, even if there are deficiencies, they 
are not necessarily true rearrangements. 

Evans: What I did not understand was 
the fact that Dr. Russell, when he talked, 
was generally siding towards the idea that 
he had some effect which did not fit in 
with what Dr. Wolff was giving us this 
afternoon in the way of chromosome break- 
age, but rather was more in accord with 
the ideas that Witkin and Doudney were 
presenting on mutations in bacteria. That 
is a recovery system similar to that operat- 
ing in UV treated bacteria. 

OsTER® :A major significance of Dr. Rus- 
sell’s work lies in the fact that he has 
found such a recovery process taking place 
for point mutations, because it had already 
been known that fractionation of the dose 
does allow time for breaks to recombine 
before others are produced. Therefore, by 
fractionating the dose you get few chro- 
mosomal disarrangements. 

EvANs: Yes, but that is a recovery we 
know about. We can understand it. 

RussELL: What I should like to empha- 
size again is that we find a dose-rate effect 
in a cell stage in which, according to our 
evidence, the specific locus mutations 
scored are only quite rarely associated with 
chromosomal aberrations, including quite 
small deficiencies. Thus, as Dr. Oster has 
just mentioned, we think we have evidence 
for a dose-rate effect different from the 
well-known one which can be accounted 
for in terms of multiple chromosome 
breaks. 
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Far1Lia’ : I would like to call atten} 
to an old experiment that was carried} 
by Dr. Henshaw some 30 years ag¢ 
which he found recovery in the casé¢ 
Arbacia eggs and no recovery in the 
of the mature sperm. This is not a gery 
experiment. I will tell you in a few we 
just what the experiment was about. 

At room temperature the Arbacia ff 
lized egg divides in about 50 to 60 minu 
If you irradiate the eggs alone, say ¥ 
10,000 or 15,000 r, and then fertilize 
with non-irradiated sperm, instead of 
first division occurring in 50 minute 
may take 100 minutes. 

Now, if instead of fertilizing i 
ately after completion of the irradia 
you wait, say, half an hour, then 
cleavage delay is very much less 
when the eggs are fertilized immediat 
This was called recovery. The worl 
described in Lea’s book and I think n 
of you have read about it. If you do 
same thing with the sperm, you can} 
the delay in the time of first cleavage 
it is almost the same as when the 
are irradiated with the same dose. 
there is no recovery. In other word 
you irradiate the sperm and then 
1 hour before inseminating non-i 
ated eggs with it, you get the same am 
of delay that you would if you insemin 
the eggs immediately after irradiating} 
sperm. ) 

So this is, let us say, a demonstrat 
of recovery within the cell itself in 
case of the egg and no recovery in the ¢ 
of the sperm. The difference perhap: 
that one has a lot of cytoplasm and 
other one doesn’t and the metabolism 
quite different in the two. | 

If there is any similarity with the ef 
that Dr. Russell is discussing, the dif 
ences may also be attributable to the ab 
dance of cytoplasm in the case of § 
matogonia, and to the near absence 
cytoplasm in the case of mature § 
matozoa. 

AUERBACH: I think we will have to 
over to Drosophila now. I first want vy 


*K. G. Lining, University of Stockholm. 

5 Charlotte Auerbach, Institute of Animal 
netics, Edinburgh. 

® J. I. Oster, The Institute for Cancer Resea 

7G. Failla, Argonne National Laboratory. 


to discuss the evidence for similar- 
etween these results and Drosophila 
Ss. 
onder whether Dr. Meyer in no more 
5 minutes could say what she did 
fractionation experiments? ~ 

YER® : We were using this method 
urely practical reasons only, to see 
er we could give a very high dose of 
s and not lose most of the germ cells 
e “killing effect,” since fractionation 
es the incidence of chromosomal 
ations and allows much regeneration 
the intervals between treatments are 
nough. We gave repeated treatments 
00 r each, with 4-day intervals. As 
ted, we found that such fractionation 
ot alter the additive dose-mutation 
relationship. We obtained 5.3% of 
ked lethals after 12,000 r, an inter- 
ate value of 8.6% after 16,000 r, and 
@ for 24,000 r. This is also in agree- 
with some later results, and corre- 
s to a mutational response of ap- 
ately 4% of sex-linked lethals per 
Er: 
ERBACH: How long was the interval? 
YER: These experiments used inter- 
f 4 days. One can shorten this inter- 
mewhat. 

IcE: What did you irradiate? 

YER: We irradiated adult flies. 

cE: Male or female? 

YER: Females, testing germ cells 
had been in gonial stage during 
ntire irradiation period. Later on, 
ame was done with males, using total 
mulated doses ranging from 8000 
6,000 r, and looking for autosomal 
4 

ERBACH: I want to add that, at Har- 
there has been a test of the effect of 
rate on the production of autosomal 
s in Drosophila males. I have seen 
anuscript before it went to press, but 
*t have it here to check on the details. 
know that in some experiments there 
no effect at all of dose rate. In one 
o there was a very slight effect. (Note 
d in proof: New results from a more 
al experiment show a marked effect 
4se rate. These appeared in a revision 
he manuscript.) The paper should 
e out in the International Journal of 
ation Biology. Incidentally, in this 
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work there was a definite difference be- 
tween cobalt gamma and X rays in muta- 
tion frequency. 

It is so late now that I can only say a 
few words about Dr. Sobel’s results with 
various post-treatments after irradiation. 

Here he used nitrogen, potassium cya- 
nide, and chloramphenicol. The results 
with potassium cyanide are contradictory. 
Post-treatment with nitrogen gave the 
same result that Dr. Abrahamson found; 
it enhanced the effect of the irradiation. 

Possibly this is restricted to breakage 
events, breaks remaining open for a longer 
time. With chloramphenicol treatment, he 
got a decreased mutation frequency in 
early spermatogonia. 

I think we should now go on to the last 
two points which belong together. These 
are the differences in mutation frequency 
between mature or almost fully mature 
spermatozoa in Drosophila, depending on 
the day after irradiation on which they are 
utilized or on the environment in which 
they are irradiated. These results can be 
variously interpreted as recovery or as 
differences in sensitivity. 

Dr. Liining has new data on the first 
point. 
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jhas been observed that posttreatment 
| cyanide results in a significant in- 
be of the frequency of sex-linked 
us in Drosophila melanogaster if ex- 
id to X rays at a high-dose rate of 2200 
Inute (Sobels, 57, 58). The effect is 
jicted to stages with peak sensitivity 


ably corresponding to spermatids or 
imatocytes. Evidence was obtained that 
creased lethal frequency due to cya- 
| posttreatment refers to gene muta- 
s and possibly small deletions. 
explain these observations, I had 
inally considered the possibility that 
jaccumulation of radiation-produced 
ides might be responsible for the 
reatment effect. This hypothesis is 
supported, however, by the finding 
| at doses producing the same genetic 
t, posttreatment is equally effective 
rising the mutation rate, whether high- 
sity radiation is given in either pure 
bgen or oxygen. As an alternative in- 
etation I have assumed that cyanide 
eres with a recovery mechanism 
h in the absence of cyanide restores 
of the premutational radiation dam- 
(Sobels, 60). 
he present communication concerns a 
her analysis of the cyanide effect. In 
1ection with the recovery hypothesis 
ilso studied the effect of posttreatment 
| nitrogen, that of dose fractionation 
; or without, nitrogen posttreatment, 
the action of chloramphenicol on the 
uencies of radiation-produced muta- 
s in different stages of spermato- 
SiS. 

METHODS 
nce lethals represent a heterogeneous 
gory of genetic effects, a ring-shaped 
romosome was uniformly used for 


tovery from Premutational Damage of X Irradiation 
Drosophila Spermatogenesis' 
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these experiments. This procedure greatly 
increases the resolving power for detecting 
lethals originating as point mutations, or 
at least as one-hit effects. The mutational 
response in successive stages of spermato- 
genesis was studied by remating the treated 
1-day old X”, yB males every 2 days to 3 
and in later experiments to 6 fresh females 
of the genetic constitution y sc “In 49 sc’. 

In almost all experiments, X irradiation 
was given by means of an ENRAF-machine 
at 100 kv, 4 mA at a dose rate of 45 r/sec- 
ond with 1 mm A1-filtration, or at an in- 
tensity of 55 r/second without additional 
filtration. For the chloramphenicol experi- 
ments a lower dose rate of 565 r/minute 
was used. 

Hydrocyanic acid was applied at a con- 
stant rate of flow of 100 ml/minute during 
8 minutes at a concentration equivalent 
to 35 mg KCN. The nitrogen was purified 
by passing it through washing flasks with 
sintered bottoms, containing “O.-multi- 
rapid” (Unionapparate Baugesellschaft 
M.B.H., Karlsruhe). For details of chlor- 
amphenicol concentrations see section IV. 


RESULTS 
I. Posttreatment with cyanide 


For a further analysis of the effect of 
cyanide, we aimed at a more regular and 
pronounced expression of its modifying 
action on radiation-induced mutational 
damage. Cyanide was given repeatedly 
after fractionation of a total dose of 1525 r 
into 5 fractions, separated by 2-hour 
intervals between the fractions; each frac- 
tion followed by cyanide-posttreatment. 


1 These studies were carried out with support 
from the Health Research Council T.N.O. and 
the Institute for Radiopathology and Radiation 
Protection. 
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This procedure, however, did not change 
the cyanide effect. In comparison to the 
mutagenic effect of unfractionated radia- 
tion only, posttreatment in both the frac- 
tionated and the unfractionated group of 
flies resulted in a significant decrease of 
the mutation rate in stages with peak sen- 
sitivity. For the presentation in figure 1, 
left, data of the two posttreated groups are 
pooled. In contrast to earlier experiments, 
both radiation and cyanide were given to 
unetherized flies, and the interval between 
the two agents was considerably shorter. 

A separate analysis in a subsequent ex- 
periment showed, however, that neither 
etherization, nor changing the interval be- 
tween radiation and posttreatment from 
2 seconds to 2 minutes changed the cya- 
nide effect. However, in this particular 
experiment (see fig. 1, right) flies that 
received radiation only, showed an ab- 
normally low mutation rate in stages with 
peak sensitivity, resulting in a highly sig- 
nificant enhancement in the posttreated 
groups. It is possible that an irregular re- 
lease of germ cells in the successive 
broods, resulting in an admixture of stages 
with widely different sensitivities was re- 
sponsible for this kind of undesirable vari- 
ation. For a subsequent experiment, in 
which the effect of posttreatment with cya- 
nide was studied at three different doses 
of about 800, 1600, and 2000r respec- 
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tively, 6 females per male per brood ¥ 
therefore used. » 

The results of these experiments | 
shown in figure 2. They can be sumni 
ized in the following manner: 

1. Effect of dose. We observed | 
after exposure to radiation only, the1 
tation rates in mature sperm (broodf 
and spermatogonia (brood e) incre} 
linearly with dose. 

2. Separation of stages. We notedt 
after exposure to 1600 r, sterility sets i 
brood c and is almost complete in brood 
After radiation with 2000 r, both brox 
c and d are sterile, whereas at the lov 
dose of 800r fertility in brood d is o 
slightly lowered. 

3. The most sensitive stages. Wes 
that after radiation with 800 and 160 
the highest mutation rates occur in 
most sterile broods, suggesting that sp 
matocytes and possibly early spermat 
were sampled. The observation that 
exposure to 2000 r the mutation rate 
these stages is lower than after a dose 
1600 r, suggests that, at the high do 
cells with maximum sensitivity to | 
mutagenic action of radiation have be 
selectively eliminated. 

4. Effect of posttreatment. It is el 
that after exposure to 800 r, cyanide le 
ered the mutation rate in brood d; 
after radiation with 1600 r a pronoun¢ 


{ f x 3 $%/BROOD 


© X RAYS, 1540r | 
@ X RAYS + CN 


Oh eZ 4 6 Sato 
657 667 997 449 688 
1346 1355 1931 720 1375 
<——___+> 


CN INCREASE y® 25.75; P< 0.001 


Fig. a Posttreatment with HCN following exposure to high-intensity X irradiation may 
result in either a decrease (left) or an increase (right) of radiation-induced mutation fre- 
quencies in stages with peak sensitivity; for further details see text. 
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of the mutation rate occurs in both 
ds b and c; and that at the high dose 
)00 r the cyanide effect does not show. 
i posttreatment remained without ef- 
tat the high dose, presumably results 
1. aselective elimination of stages where 
ide can specifically modify the initial 
ation damage. 
ne observation that with this appar- 
efficient separation of stages with 
rent radiosensitivity, posttreatment re- 
d in a lowering of the mutation rate 
have different interpretations. If, on 
oasis of earlier data, one assumes that 
also cyanide inhibits a recovery proc- 
then the lowering of the mutation 
after posttreatment, as observed in 
ore recent experiments, requires fur- 
interpretation. It is possible that a 
efficient sampling of stages where 
ide operates has resulted in a propor- 
ally greater selective elimination of 
; with mutations. It was thought that 
is interpretation was correct, the se- 
ve effect would not show after expo- 
-to a low dose of radiation and that 
righer doses, exceeding 800 r, post- 
tment would result in an increase of 
frequency of dominant lethals. How- 
, after exposure to a low dose of 400 r, 
treatment did not result in an increase 
he frequency of sex-linked recessive 
als and dominant lethality, following 
ation with a dose of 1620 r was like- 
not affected by posttreatment. These 
Its then clearly do not support the 
that selective elimination of cyanide- 
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intensity X irradiation, using an efficient mating procedure for separation of the suc- 


sensitive cells resulted in a spurious lower- 
ing of the frequency of sex-linked lethals 
in the experiments shown in figure 7-2. 

It would seem that the observations 
after posttreatment with cyanide can be 
plausibly explained, if, in analogy to the 
observations of Kimball, Gaither and Per- 
due (61) in Paramecium, one assumes 
that cyanide may affect two contrasting 
processes, one being associated with the 
rate of disappearance of premutational 
damage, the other with the time, or rate 
required for its fixation. Inhibition of the 
first process, that is inhibition of metabolic 
repair will result in an increase in the 
amount of mutation. Alternatively, pro- 
longation of the time interval needed for 
fixation, or slowing down the rate of the 
fixation process, will result in a decrease 
of the mutation-frequency. If, depending 
on hitherto unknown experimental condi- 
tions, the effect of cyanide is more pro- 
nounced on either one, or the other proc- 
ess, both an increase and a decrease of 
radiation-induced mutation rates may be 
observed. 


II. Posttreatment with purified 
nitrogen 


In view of the observations after post- 
treatment with cyanide, we were interested 
to see whether other posttreatments inter- 
fering with oxydative respiration would be 
likewise effective in affecting radiation- 
induced mutation rates. Immediately fol- 
lowing radiation with 1450 r, given at a 
dose-rate of 55 r/second, flies were ex- 
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posed to a flow of pure nitrogen for 25 
minutes. Data from two experiments 
showed that posttreatment with nitrogen 
results in a significant increase of the 
radiation-induced mutation frequencies in 
stages with peak sensitivity and in earlier 
stages. The pooled data are presented in 
figure 3. It would seem, therefore, that 
anoxia following high-intensity irradiation 
interferes with recovery processes in a way 
similar to posttreatment with cyanide. 


ll. The effect of dose 
fractionation 


A number of fractionation experiments 
were carried out to investigate whether 
dose fractionation would favor recovery 
after application of high-intensity radia- 
tion. The mutagenic effects of a total dose 
of 1350 r that was given either at once, 
or in 5 fractions with intervals of 2 hours 
between the separate fractions, were stud- 
ied in 7 successive 2- to 3-day broods. In 
order to avoid faulty dosimetry, the flies 
were confined in a very small space, so that 
an ionization chamber could be mounted 
immediately on top of the radiation vessel. 
To prevent anoxia, a stream of air was 
passed over the flies before and during the 
irradiation. 

In total, three comparable experiments 
have been carried out. In two of these 
the mutation frequencies in stages with 
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Fig. 3 The enhancing effect of posttreatment 
with purified nitrogen on the frequencies of 
mutation induced by high-intensity X irradiation 
in stages with peak sensitivity and earlier stages. 
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tion on the induction of mutations by hi 
intensity X radiation in stages with peak se 
tivity. 
peak sensitivity, as sampled in broods 
and d, were significantly lower in the fri 
tionated than in the acute group. 
pooled data of these experiments are p 
sented in figure 4. The data also sh 
that fractionation did not affect the ind 
tion of mutations by irradiation in eit 
mature sperm (broods a and b) ors 
matogonia (broods e, f and g). Inat 
experiment, fractionation was without 
fect for no apparent reason. Since, 
this particular experiment 4-hour 
males were used, instead of 24-hour ma 
as in the other positive experiments, it 
possible that this difference influenced 1 
fractionation effect. ) 

In a fourth experiment, we stud: 
whether posttreatment with nitrog 
would modify the fractionation effe 
The results showed that with nitrog 
posttreatment, dose fractionation likew 
results in a significant decrease of 1 
mutation frequency in broods c and 
where peak sensitivity was encounte! 
(fig. 5). Moreover, as in the experime: 
on nitrogen posttreatment, the effect. 
tended to an earlier stage of germ-cell 
velopment than that exhibiting peak s 
Sitivity. 

In view of the fact that after fractio 
tion of the dose in three independent 
periments a significant reduction of — 
mutation frequencies was encountered 
stages with peak sensitivity, we are 
clined to believe that this is a real effe 


2 
TIME AFTER TREATMENT (days) 


~ NO. OF eae 2190 2014 519 


GAMETES 


feems of particular interest that frac- 
tation of the dose reduces the mutation 
yuency exactly in those stages where 
enhancement was observed in the ear- 
i experiments on posttreatment with 
Inide. The results of the fractionation 
eriments therefore support the hypoth- 
‘that in these stages physiological proc- 
»S are operating that are responsible 
partial recovery of the initial radiation 
age. 
connection with the intensity effect 
spermatogonia of the mouse (Russell, 
ssell, and Kelly, 58, 60) and Drosophila 
ster, Zimmering and Muller, ’59), it is 
prising that a fractionation effect was 
observed in gonia. It is admitted that 
dintked lethals in a ring-chromosome 
unsuitable material for a proper analy- 
of bunches of identical mutations. The 
umption, however, that the bunches ob- 
ved in these early stages were due to 
» mutation only, did not change the 
ults. It is possible that the discrepancy 
ween our fractionation data and those 
intensity effects of other authors is due 
the very high intensity of radiation in 
present experiments. This variable 
y have influenced the repair processes 
an unfavorable manner (cf. Russell, 
ssell, and Kelly, 58). 
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. Fig. 5 The effect of posttreatment with purified nitrogen, following high-intensity radi- 
jation given in 5 fractions, separated by 2-hour intervals, between the fractions, as compared 
to that of nitrogen following unfractionated exposure. 


IV. The effect of pretreatment 
with chloramphenicol 


The action of chloramphenicol on the 
mutagenic effects of radiation in different 
stages of spermatogenesis was studied with 
two purposes in mind. First, studies of 
Kimball, Gaither and Wilson (’59, a, b), 
in Paramecium and of various authors in 
bacteria (Witkin, 56, 58; Doudney and 
Haas, 758; Alper and Gillies, 60; Lieb, 60 ) 
have shown that inhibition of protein syn- 
thesis plays a part in recovery from radia- 
tion damage. Second, it has been proposed 
that changes in the composition of pyro- 
teins during the transition from spermat- 
ids to mature sperm (Felix, Fischer, and 
Krekels, 56; Alfert, 59) might be respon- 
sible for the differential radiosensitivities 
of these two stages (Oster, 59). Since 
posttreatment with cyanide, as well as 
dose-fractionation are only effective in 
modifying the mutational radiation dam- 
age in spermatids and not in sperm, a 
clarification of the nature of the differen- 
tial radiosensitivity of sperm and sper- 
matids seemed of particular interest. 

Three sets of experiments were carried 
out in which the flies were injected with 
concentrations of chloramphenicol, rang- 
ing from 0.258—0.0108 mg/gm live weight, 
preceding exposures from 1200-1800 r. 
Since the data of the separate experiments 
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did not differ significantly with respect to 
the effect of chloramphenicol, the data 
were pooled; they are shown in figure 6. 
Considering the results in the separate 
broods it can be noted that: 

1. In brood a, representing the most 
advanced stage of mature sperm, chlor- 
amphenicol causes a slight, but significant 
increase of the mutation frequency. 

2. In brood b chloramphenicol has no 
effect. 

3. In stages with maximum sensitivity, 
as sampled in broods c and d, correspond- 
ing to spermatids and meiotic stages, pre- 
treatment with chloramphenicol results in 
a highly significant decrease of the muta- 
tion rate. 

4. In stages, sampled in brood e, prob- 
ably corresponding to late spermatogonia, 
chloramphenicol likewise reduces the radi- 
ation-induced mutation frequency in a 
significant manner. 

5. In earlier spermatogonia (brood f) 
chloramphenicol has no effect. 

The results obtained in mature sperm 
and spermatids suggest that indeed pro- 
tein synthesis plays a part in the origin 
of the different radiosensitivities of these 
two stages. This idea is further supported 
by similar observations after pretreatment 
with ribonuclease (Sobels, 61). 

It is of interest that pretreatment with 
chloramphenicol is effective in reducing 
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the radiation-induced mutation frequdj 
cies in spermatids, since for this 
indications for repair processes we 
tained both after posttreatment with 
anide and nitrogen and in the dose 
tionation experiments. 

The observation that chloramphenig¢ 
has an effect in meiotic cells (brood | 
and in spermatogonia (brood e) is not} 
surprising, since in these stages cell ¢ 
sion goes on and consequently prote 
synthesis may be expected. 4 


SUMMARY 


The data, relating to repair processes § 
Drosophila males are summarized | 
figure 7. The subdivision in stages att 
bottom is tentative and serves only to he 
orientation. Weighted mean frequenci 
of mutations in the successive stages af 
exposure to radiation alone are shown ¢ 
the top. They were taken separately ; 
standard for each group of experimen 
and their relative modifications by fra 
tionation or chemical agents are shoy 
as horizontal bars extending over one | 
more stages. 

Taken together the Drosophila data pi 
sented here suggest that repair from p 
mutational damage is possible in at lea 
three different stages of spermatogenesi 
that is spermatids, meiotic stages and la 
spermatogonia. Most data are availab 
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Fig. 6 The effect of pretreatment with chloramphenicol on the frequency of mutation 
induced by X irradiation in successive stages of spermatogenesis. Pooled data from 3 sets 


of experiments using 2-day brood changes. 
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zg. 7 A summary of the data on repair of 
tional radiation damage in Drosophila sper- 
dgenesis. Subdivision in stages at the bottom 
ematic. The lower diagram shows the per- 
al modification of the mutation rates, after 
fractionation and treatment with the dif- 
at chemicals, in comparison to the mutagenic 
nm of radiation alone. The top graph shows 
hed mean lethal frequencies after exposure 
640r as a measure for differential radio- 
itivity in the stages under consideration. The 
for chloramphenicol only refer to those ob- 
d in the first two experiments (chl 1 and 
). A more complete picture of the effects of 
amphenicol is shown in figure 6. 


stages characterized by peak sensitivity 
irradiation, presumably consisting of 
atids and late spermatocytes. Here 
tionation of the dose and pretreatment 
chloramphenicol lower the mutagenic 
cts of radiation, whereas posttreatment 
nitrogen results in an increase of 
iation-mutagenicity. Posttreatment with 
ide may result in either an increase 
a decrease of the mutation-frequency. 
pointed out before, these observations 
. be explained by assuming that two 
cesses with contrasting effects are in- 
ved in repair from premutational dam- 
The observation that pretreatment 
h chloramphenicol results in an in- 
ase of the radiosensitivity in sperm and 
a decrease of that in spermatids may 
» to understand the pronounced dif- 
snces in radiosensitivity between these 
. stages (Sobels, 61). 
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Secondly, recovery seems to occur in 
dividing cells as meiotic stages and late 
spermatogonia where the mutagenic ef- 
fect of radiation is reduced by pretreat- 
ment with chloramphenicol and enhanced 
by anoxia, following radiation. The ob- 
servation that in dividing germ cells of 
Drosophila completion of the radiation- 
initiated mutation process is associated 
with protein synthesis is in good agree- 
ment with the findings in lower organisms 
like Paramecium and bacteria. Also, it 
may be pointed out that there is a fair 
correspondence between the course of sper- 
matogenesis in Drosophila and in the 
mouse. In the mouse the work of Russell 
and coworkers gives a clear indication that 
repair of initial radiation damage in gonia 
is possible. In view of the present Droso- 
phila data it is tempting to believe that 
there is a uniform pattern to which repair- 
processes conform in dividing cells of 
widely divergent organisms. 
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e word “recovery” has been frequently 
i in radiobiology in recent years. Vari- 
authors have meant different things 
is common word with a consequent 
usion. For that reason it is necessary 
mment on the present use of the word. 
this paper, I am following my own 
and use the word recovery as I had 
it earlier in some papers. To me the 
recovery will mean those processes 
‘ch interact with an initiated mutation 
ess in such a way that it switches back 
ormal or near normal conditions. This 
ition will cover both influence upon 
mosome breaks and upon point muta- 
s. 

y interest in the recovery process de- 
d from a series of experiments with 
sophila males irradiated in air or in 
ogen (Lining et al., 57,58, 59). When 
dose was divided into two fractions, 
could be given in nitrogen, the other 
ir. If the fraction given in air was 
e than 1100 r and the interval between 
two fractions was not more than 30 
utes the effect was the same as if the 
le of the dose had been given in air. 
these results were obtained from males 
ted within the first 24 hours after irradi- 
mn. This is a very important fact as will 
seen below. 

“rom my results I concluded that irradi- 
m of sperm—to be used within 24 
irs after treatment—induced the same 
e of primary damages to the chromo- 
nes in nitrogen and in air, however, 
en the entire dose was given in nitrogen 
ne of the primary damages were pre- 
ited from reaching the ultimate state 
ectable as a mutation in its widest 
aning. A similar effect was also ob- 
ved in the case of fractionation if the 
erval was more than 30 minutes. In 
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these cases the effect was intermediate and 
equal to the sum of the two fractions. 

This effect after irradiation in nitrogen 
in my interpretation will mean a recovery 
process wherever the primary damages are 
prevented from ending up as point muta- 
tions or chromosome breaks. 

Wolff and Lindsley (’60) confirmed my 
results as to comparison between irradia- 
tion in air or nitrogen but found a higher 
rate of breaks after irradiation in pure 
oxygen. Furthermore, they learned that 
fractionation with doses in nitrogen and 
oxygen was less effective than the whole 
of the dose in oxygen. According to Oster 
(57, 58) spermatozoa are relatively an- 
oxic compared to other stages. This state- 
ment is, however, not unequivocal. Baker 
and von Halle (’53) showed that there is 
a difference between sperm inseminated 
the first 24 hours after irradiation com- 
pared to the second day if the irradiation 
was given in air but that no differences 
were observed when the irradiation was 
in nitrogen atmosphere. These observa- 
tions have been substantially confirmed 
in my own work. As it is of impor- 
tance to know the relationship between 
these two groups of sperm (first opposed 
to second day) I will present a material 
in which 3—4 day old M5; sc*Y males 
(M5 = Muller-5 = sc‘ InS w* sc*) were ir- 
radiated in air or in nitrogen atmosphere. 
Within 2 minutes after the treatment the 
males were mated for 24 hours to y w sn 
females and were then transferred to a 
new group of virgin females for another 
24 hours mating. After mating the females 
were allowed to oviposit for two 3-day 
periods. The results are presented in table 
1. From series 1 and 2 it is obvious that 
a marked difference between the two mat- 
ing periods exists for both types of muta- 
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TABLE 1 
Mutation differences between first- and second-day sperm 

i Total % 10-4 

Series Treatment ear g ¥, XO XO ¢ Fi 2 Yellow Yellov 
at 865 0.90 49529 143 28.9 

1 3300 air 0-24 96345 : 9 
24 3300 air 24-48 105550 733 0.69 55173 89 16.1 
3300 N 0-24 116214 697 0.60 60982 79 13.0 
y 3300 N; 24-48 102438 617 0.60 53361 69 12.9 


tions although in series 3 and 4 there is 
no difference. This means that in the sec- 
ond day sperm there was a much slighter 
effect of the change in atmosphere than in 
the first day sperm. The second day sperm 
might be rather anoxic but the first day 
sperm are much less anoxic. 

The courtesy of one of my colleagues, 
Dr. Ruth Sdavhagen, made it possible for 
me to show a comparison between the ef- 
fect of irradiation of 3-4 day old Drosoph- 
ila males in pure oxygen as opposed to air. 
Her main interest was the period 5—10 
days after irradiation but the data de- 
scribed also a mating during the first 4 
hours postirradiation. From the 4th day 
the males were mated daily to new groups 
of females. Table 2 presents the ratios be- 
tween the oxygen and the air series. More 
than 260,000 flies were used in each of 
these series. It is obvious that the effect of 
oxygen was at least not more drastic in 
the sperm used the first 4 hours than in 
the other stages, including spermatids and 
spermatocytes. 

The reason for using a mating period 
as short as 4 hours needs some further 
comments. The original finding of Baker 


TABLE 2 


Mating 


period Ratio! 


O—4 hr. 
4th day 
5th day 
6th day 
7th day 
8th day 
9th day 
10th day 


eal ginin 2 
DTOUMNHonnNnor 
AGCNontroo 


1 Ratio: 
Rate of XO males induced in O.-atmosphere 


‘Rate of XO males induced in air atmosphere — 


The males were irradiated when 3-4 days old. 
Dose 1100r. Data from Savhagen (’61), 


and von Halle (’53), that there was a di 
ference between the first and the seco 
day sperm, did not tell anything a 
when the low-yielding sperm could 
available. A partitioning into 24- 
periods is a conventional one. It was 
sequently of great interest to get the pay 
tern of the change from high to low yielé 
ing sperm. This has been analyzed 
males irradiated both when 0-1 day 
and 3—4 days old. The males were m 
mated in plastic boxes for short periods 
which the mating time was delimited wit 
in +1 minute. In some cases the mal 
were mated immediately after treatment 
in others they were stored for some hours 
After the mating the females were allowe 
to oviposit for two 3-day periods. The re 
sults are presented in tables 3 and 4. 
From table 3 it is evident that mating 
started a few hours after irradiation had 
higher yield of aberrant males than it 
matings started later on. As early as 3+ 
hours after irradiation the low yieldin; 
sperm was available. In table 4, represent 
ing males irradiated when 3-4 days old 
the low yielding period did not come unti 
12 hours after irradiation. Without pres 
entation of further data, it suffices to sa 
that it was irrelevant whether the 3-4 da 
old males had been stored with or withou 
females from eclosion to irradiation. 
Summing up, these results indicat 
heterogeneity in sperm available the firs 
day after irradiation and, that the tim 
when the two groups of sperm are avail 
able depends upon the age of the males 
If one wants to study the recovery proc 
ess it is necessary to be aware of thi 
heterogeneity otherwise the effects migt 
be obscured. From my earlier discussion 
possible conclusion is that the differenc 
between sperm available the first few hou 
after irradiation compared to those frot 
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TABLE 3 


1 day old cv:sc®8 Y males were given 3300 r X rays and were then mated to y w sn females 
for 1 to 3 hours either immediately or after a varying number of hours. XO males 
and total number of offspring as well as the rate of XO males are given. 


tekcioes 0 
Series perio - XO mal Total % XO 
ft males 1 
feradiation offspring males 
hours 
; ve! 3 446 0.67 
5 oe 58 5655 1.02 
2 0-3 140 13617 103 
: i. 47 3374 1.10 
2 8 72 7346 0.98 
ep ae 31 3742 0.83 
ca ta 4331 1.02 
g 3-6 82 11047 0.74 
6-9 85 10802 0.79 
10 9-12 165 21738 0.76 
TABLE 4 


3-4 day old cv:sc® Y males kept without females for 3 days prior to irradiation. 
Otherwise see table 3. 


Mating 


: Ti 
Series ; Patt as XO males A as ae Z sae 
irradiation 
hours 
AGL 0-1 94 10674 0.88 
12 0-2 325 31765 1.02 
3 0-3 407 38163 1.07 
14 1-4 173 17290 1.00 
15 2—4 254 25331 1.00 
16 3-6 90 9561 0.94 
iy 6-9 230 24694 0.93 
18 9-12 152 16011 0.95 
19 12-15 190 22814 0.83 
20 15-18 184 23943 (Oe 


riod some hours later partly depends 
n the oxygen content or the availability 
xygen to them. 

have earlier also referred to my stud- 
n the effect of fractionated irradiation 
\itrogen and air and mentioned that the 
ogen effect could be knocked out by a 
> of 1100r in air. Lower dosages did 
have this effect. 

rom this basis the problem arose 
ther or not there might be a recovery 
ells to which oxygen in air is available 
10t too low a concentration, i.e., sperm 
ing the first few hours after mating. 

f there was a recovery process at work 
losages below 1100 r one would expect 
-oportionally lower effect per r at lower 
ages and, in the dose range in which a 
very began to be blocked, a proportion- 
higher effect per r which then at 


higher doses stabilized again. In other 
words one would expect a sigmoid curve 
(fig. 1) if there was a recovery process at 
work at a dose level below 1100r. To 
study this possibility I made some experi- 
ments in which 3-4 day old males were 
irradiated and subsequently mated for 4 
hours. They were kept without females 
the 4th—15th hour and were mated a sec- 
ond time, the 15th—18th hour after irradi- 
ation. The data from these experiments 
are presented in table 5 and in figure 2. 
From table 5 it is evident that already at 
the lowest dosage, 550 r, there was a sig- 
nificant difference between the two mating 
periods. In figure 2 the regression lines 
based on data in the dose range 550 r— 
3300 r are presented. There is a very good 
agreement with linearity in this range and 
the extrapolation to the control values co- 
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{{O00 
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Fig. 1 The effect of a recovery process at 
work at low dosages but blocked at higher dos- 
ages. 


TABLE 5 
Mutation-dose relationship in sperm from 0-4 and 15-18 hours after irradiation 


LUNING 


incides rather well with that found ir 
control. We might conclude that this 
periment has failed to show the occurre 
of a recovery process in sperm irradiat 
in a stage that is supposed to be rat 
well supplied with oxygen. 

Although my last conclusion is rat 
negative as regards the recovery proce 
these experiments tend to show the nece 
sity of dealing with well defined cell sta 
as unknown differences in the techn 
between series might give complete’ 
spurious results. 


OPEN DISCUSSION 
OsTER': You seem to be relying 
on the integrity of your Drosophila mz 


1Trwin I. Oster, The Institute for Cancer R 
search, Philadelphia, Pennsylvania. 


Mating period 


Treatment a pated 
Total %e Total %o 
XO males offeprine XO males XOmales offspring XO males t 
Control 55 80900 0.068 
550r 177 80944 0.22 165 93752 0.18 
825r 104 37292 0.28 1p? 36347 0.20 
1100 r 218 60130 0.36 177 63348 0.28 
1650r SM 7/ 65081 0.49 286 78921 0.36 
2200 r 309 48690 0.63 309 58676 0.53 
2750 r 210 25105 0.84 142 26997 0.53 
3300 r 442 44528 0.99 462 62869 0.73 
3850 r 200 14152 1.41 PAT ES 22976 1.19 
4400r 584 38649 Mon 413 35357 phi by 
oO 
0.014 ° 
a 
w Co 
ot e a a e 
<a 7 
= 7 s 
6 0.010 Q7 oe 
x< - 
ue < zs 
ro) ae 
> 2 
rae 
W 006 
a 
& 
0.02 
{100 2200 3300 4400 
DOSE (r) 


Fig. 2 The data from table 5. ©, matings 0-4 hours, 


O, matings 15th-18th hour after exposure. Y 


Y = 0.000509 + 0.0007660 x. 
= 0.000539 + 0.0005507 x. 


on the validity of your techniques, 
se I gathered that you implicitly trust 
jof your males to mate with only one 
e—in spite of the fact that you have 
mass matings. I infer that your re- 
are based on mass matings, are they 


ING: Yes. 
ER: How can you be sure that each 
will be so “faithful” (if to no one 
ut to the investigator) as to seek out 
nme female during the 4-hour period? 
NING: This is of little importance 
| what we wanted to have was matings 
these first 4 hours. 
TER: Then how would you explain 
psults which was as well as others have 
ed as regards this first and second- 
ating? If you are careful and irradi- 
e males on one day and mate them 
lidually to females, and then on the 
d day separate them and give each 
another female, and use only the 
from matings which occurred on two 
cutive days, you sometimes get a dif- 
ce in the rate of whatever effect you 
tudying, translocations or single-hit 
s, between the first and second day 
sometimes you do not. Such results 
ate, do they not, that this seems to 
rather variable phenomenon, unlike 
one observes with other stages of 
phila? 
NING: No. I think that the results 
I show in some of the papers where 
ated the males once only showed a 
good agreement with the time of the 
ent. The result was a change at a 
in period. 
TER: I was referring to some data of 
as well as some which Miss Nordback 
ned while working with Dr. Auerbach. 
Burdette showed data this afternoon 
ich he didn’t get it either. There is 
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something else I want to ask. What were 
your control values for XO males? I think 
Dr. Abrahamson will verify they are some- 
times appreciable. Using separate rates 
from separate mating periods—not a total 
—did you find the controls vary? 
LUNING: Dr. Savhagen’s obtained the 
control values up to 11 days in her experi- 
ment and there were no variations at all. 
ABRAHAMSON?’ : In this one experiment 
Dr. Oster refers to, our XO male frequency 
in the irradiated series was as high as the 
control. This was an unselected stock. 
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the following discussion I shall con- 
myself to a consideration of the evi- 
’ for recovery following the X irradi- 
of mature germ cells, since a number 
her speakers have discussed mainly 
ature reproductive cells in which 
jevidence for the existence of repair 
pmena already exists (Russell et al., 
Dster et al.,’59). It might be assumed 
Drosophila melanogaster would yield 
derable information as to recovery 
g place following X-ray treatment of 
atozoa since one can employ with 
prganism the most refined methods 
able today for assessing induced dam- 
This expectation has not been justi- 
is very little in the way of absolutely 
itive data has been obtained for the 
mace of recovery processes in mature 
tes. Ironically, this paucity of posi- 
bvidence is in large measure due to 
act that the major portion of radia- 
ffects on this organism can be readily 
preted and ascribed to other causes 
r than to actual recovery. The small 
nt of evidence available favoring the 
ince of recovery processes, however, 
id not be overlooked but should be 
lly evaluated on the chance that it 
jhave an important bearing on our 
standing of repair processes in gen- 
In order to view the experimental 
ts to be described in their proper per- 
ve three points should be kept in 


When we speak of recovery or repair 
,ean a process or processes whereby 
reversal of the initially induced dam- 
takes place under some conditions 
not under others. 

Applying this definition, it follows 
although the great majority of chro- 
es broken by X rays reunite in their 
nal order (Muller, ’53), the fact that 
equency with which this occurs is re- 


ecovery in X-Irradiated Germ Cells' 
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lated merely to the number of original 
breaks and to their spatial relationships 
rather than to the conditions existing dur- 
ing or following their production, does not 
qualify this nonspecifically conditioned re- 
Joining of ends as a recovery phenomenon. 

3. Several investigators have demon- 
strated (Auerbach, 54; Khishin, 55; Liin- 
ing, 52; and more recently by Oster, 59) 
that in addition to the differences in radio- 
sensitivity between immature and mature 
germ cells tremendous differences in X-ray 
sensitivity exist among the latter types 
of cells. An example of the magnitude of 
variation in the sensitivity of the male 
germ line of Drosophila has been included 
from our previous paper and is shown on 
table 1 (Oster, ’59). 

These marked differences magnify the 
importance of treating and testing homo- 
geneous samples of germ cells lest some 
shift in gamete utilization caused by 
changes in conditions either during or 
after treatment be erroneously interpreted 
in terms of recovery or some other phe- 
nomenon which happens to be in fashion 
at the time. In passing, I should like to 
point out that exceedingly accurate meth- 
ods have been worked out for treating 
homogeneous samples of germ cells, par- 
ticularly in the male (Auerbach, °54; 
Khishin, 55; Oster, 58). Large numbers 
of homogeneous samples of reproductive 
cells for treatment can be obtained by ir- 
radiating accurately determined stages of 
the life cycle that contain a preponderance 
of one type of germ cell and the utilization 
of only this one stage at a time for genetic 
analyses by the use of short mating periods 
following the maturation of the cells. Un- 
fortunately only a relatively few investiga- 


1 New observations here reported were made 
with the aid of a grant from the United States 
Atomic Energy Commission Contract AT(30-1)- 
2618. 
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TABLE 1 


Results of X irradiation of different male cell stages in Drosophila 


IRWIN I. OSTER 


Sex-faked % 
oe c Autosomal 
eet hh ms sane. translocations 
| 
_ af 
Untreated male germ cells 12/4,806 = 0.2 0/6,891 = OM 
Spermatogonia (larvae ) 2000 S124 7-057 0/8si3 = a ) 
Spermatids (48-hour-old pupae ) 1200 105/1,087 = 9.7 131/902 = 14758 
Spermatozoa (adult males ) 
(released 1 day after treatment ) 2800 62/905 = 6gR 
Spermatozoa (adult males) 
(released 2 days after treatment ) 2800 97/510 = 53 
2800 42/413 =102 ¢ 


Spermatozoa (inseminated females ) 


tors have made use of these methods thus 
far and the majority of workers are still 
clinging to the more antiquated and less 
reliable techniques. 

Since our definition implies that recov- 
ery processes take place following the 
treatment let us consider the effects of 
subjecting X-irradiated spermatozoa to dif- 
ferent types of treatment. The first ob- 
servation that posttreatment can alter the 
mutation rate was made by Novitski in 
1949. He found that exposure of sperma- 
tozoa which had been X irradiated in the 
seminal receptacles and spermathecae of 
females to —5°C. resulted in higher lethal 
mutation rates than when similarly X- 
irradiated sperm had been exposed to 
25°C. This interesting observation sug- 
gests that the cold temperature may inter- 
fere with the functioning of the normal re- 
storative mechanisms; further work along 
such lines is definitely indicated. 

Subsequently, several investigators led 
by Baker et al. 52 (see review by Nord- 
back and Auerbach, ’56) have presented 
evidence that spermatozoa released on the 
first day following X irradiation yield a 
higher mutation rate than spermatozoa re- 
leased on the second day following treat- 
ment regardless of whether or not the 
males supplying the second day’s sperma- 
tozoa had mated on the first day. Most 
of this work involved studies of the fre- 
quencies of chromosome disarrangements, 
although similar results have been re- 
ported for recessive lethal mutations. 
Taken at face value, these results seemed 
to indicate that some recovery had taken 
place during the interval from the first 


to the second day as a consequence 
storing the spermatozoa in the male. 
ever, Lining (’54) has suggested that 
mature spermatozoa may differ in th 
initial radiosensitivities in that those H 
leased right after treatment are more § 
ceptible to having damage induced in th 
than those released subsequently. To ; 
count for the lower yield of mutations 
spermatozoa released on the second d 
after treatment even if the males had; 
mated on the first day he suggested th 
resorption and ejaculation of wunus 
sperm normally takes place. Unfo 
nately, the short-coming of this hypothe 
lies in the fact that it is not yet kno 
whether or not such phenomena take pla 
in Drosophila. 
If we may assume for a moment f 
Liining’s explanation is correct, then s¢ 
eral other related observations on irra 
ated spermatozoa would be more read 
understandable. For one thing, it y 
noticed that although sperm released 
the first day yield higher mutation rat 
than those released on the second d 
following treatment such results are 
obtained with any degree of consisten¢ 
Tables 2 and 3 illustrate some results 1 
cently obtained in our laboratory which 
show differences between the first 2 
second day sperm batches. But it must. 
pointed out that in other experiments c: 
ried out under ostensibly similar con 
tions by us on other occasions such diff 
ences have not been observed (Oster, 5S 
The claim has often been made that t 
age of the male is somehow related to t 
extent to which the mutation rate of t 


TABLE 2 


esults of X irradiation of spermatozoa 
; in the male 


% Chromosome losses in sperm 
released on 


First Second 

day day 
6/1124 = 0.53 2) Ne 247— O13 
8/979 =0.82 8/1059 = 0.76 
BYVOPKG) == VLOMI 4/292 5=— 37, 

TABLE 3 


esults of X irradiation of spermatozoa 
in the male 


% Sex-linked lethals in 
sperm released on 


First Second 

day day 
55/1426 = 3.86 45/1886 = 2.39 
yA eS Wee 87/1442 = 6.03 
54/338 = 15.98 447430) = 10.23 


and second-day sperm samples differ 
dback and Auerbach, ’56). In all of 
xperiments, however, the age of the 
s was kept constant (ie., they were 
4 day old non-virgin males), so that 
factor could not have played a role 
using the variability in our results. 
only procedure in our experiments 
h differed from that of many other 
ers is that we always examined off- 
g for genetical damage derived from 
e-pair matings in which the males 
mated on each of the two consecutive 
under investigation but this would 
tended to make for less rather than 
= variability. Such variability as we 
» observed could in part easily have 
rigin in the fact that the amount of 
rption of unused spermatozoa which 
s place is rather variable. 


order to account for the initial dif- ; 


ace in radiosensitivity we would like 
uggest that spermatozoa located in 
rent sections of the reproductive tract 
differently oxygenated under normal 
litions. It should be pointed out, how- 
that the magnitude of this oxygena- 
is much less than that postulated by 
previously for the spermatid stage 
re an exceedingly large supply of oxy- 
must be present consistently in order 
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to account for the high radiosensitivity of 
this stage (Oster, 58). In line with this 
view then, spermatozoa utilized on the 
first day following treatment would have 
been under somewhat a higher oxygen 
tension during the X-ray exposure than 
those cells released on the second day. 
This assumption appears logical since such 
spermatozoa, being closer to the genital 
orifice, would have better access to the 
surrounding air containing oxygen and 
therefore would be more sensitive to X 
irradiation than those farther back in the 
reproductive tract. It would also help to 
explain the variability of the results since 
under certain conditions such differential 
oxygenation might not occur. If this ex- 
planation coupled with Liining’s sugges- 
tion that unused sperm are _ resorbed 
constitute the bases for the observed 
differences, then the finding, based on 
extensive tests, that there is no difference 
in mutation rate between sperm released 
on the first day and those released on the 
second day following irradiation with fast 
neutrons could be readily explained. For 
with this type of radiation, it has been 
shown that the presence of oxygen during 
exposure plays a relatively slight role in 
enhancing the amount of damage induced 
(Gray, 59). Extending this argument fur- 
ther it may be postulated that the basis 
for the well-authenticated difference in 
sensitivity between spermatozoa X-irradi- 
ated while in the female and spermatozoa 
irradiated in the male lies in the fact that 
the former are relatively more oxygenated. 
That this difference in yield of mutations 
between spermatozoa irradiated in the 
male and those irradiated in the female 
is solely due to differences in radiosensi- 
tivity rather than recovery is suggested 
by the fact that storage of spermatozoa 
that had been X irradiated in the male 
for a fortnight or longer is without effect 
on the yield of mutations obtained. If this 
suggestion is correct, that the differences 
in mutation frequency among spermatozoa 
X-irradiated in the female and sperm X- 
irradiated in the male but released on sub- 
sequent days following treatment is due 
to differential oxygenation during treat- 
ment and hence to radiosensitivity rather 
than to recovery, then it would be expected 
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TABLE 4 


Results of neutron-irradiation of different male cell stages in Drosophila 
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Cell stage 


Spermatozoa (adult male) (released 1 day after treatment ) 
Spermatozoa (adult males ) (released 2 days after treatment ) 


Spermatozoa (inseminated females ) 


that they should be equally sensitive to 
neutrons or at least not show very great 
differences in their relative sensitivities. 
Attempts to verify this point have been 
undertaken and the results are shown in 
table 4. Since the rates are essentially 
equivalent it can be concluded that dif- 
ferential radiosensitivity is in all likelihood 
responsible for the differences which have 
been observed following X irradiation of 
spermatozoa. Needless to say, this con- 
clusion does not preclude the existence of 
recovery processes in mature germ cells 
but it does indicate that additional work, 
perhaps following a somewhat different 
track, will have to be undertaken in order 
to demonstrate their presence. 


OPEN DISCUSSION 


AUERBACH’: I must agree with Dr. 
Oster that there are some cases where one 
doesn’t get the difference between first and 
second day. However, what matters is the 
interpretation of those experiments in 
which a difference is found. Two inter- 
pretations are possible. The first interpre- 
tation which Dr. Liining favors, assumes 
there is a difference in intrinsic sensitivity 
between fully mature spermatozoa and 
almost mature spermatozoa. The second 
interpretation assumes that when fully ma- 
ture spermatozoa are stored for 24 hours, 
in the male, there is a certain amount of 
recovery from mutation and chromosome 
breakage. 

I think on both assumptions one can 
very easily imagine conditions under which 
this not very strong difference could be 
observed. 

I want now to go to the second assump- 
tion. I have been interested mainly from 
the point of view of whether or not the 
first-second day difference is indeed due 
to recovery. At the time when this day 
difference was found, Dr. Russell hadn’t 


yet obtained his evidence for dose 
effects, and this seemed to be the first i 
stance where there was evidence of reco 
ery from genetic damage caused by X ray 
It seems possible that there is a conne 
tion between the decrease in mutation r 
quency from the first to the second dé 
and the observation that irradiati { 
mature spermatozoa in the inseminate 
female produces more mutations than: 
diation in the male. There is a desce 
order of the effects of a given dose a 
rays. High mutation frequencies are © 
duced in inseminated females, next co 
the mutation frequency in sperma 
used by the treated males on the firs 
and last is that on the second day. 
It seemed to me that if recovery ist 


and second day, the high mutation ff 
quency obtained by irradiation of insen 
nated females might simply be an expre 
sion of the fact that no recovery at a 
takes place in the female. In fact, recove 
appears to stop as soon as the sperm hé 
been transmitted to the female. So or 
may then imagine three situations: 1 
recovery at all in inseminated females; 
certain amount of recovery in males du 
ing the first day; and full recovery in spe 
matozoa used on the second day. 

I thought that one way of testing th 
would be to use neutrons, because it hi 
been shown by Dr. Liining that there 
no difference between the first and secol 
day when neutrons are used. So the 
does not seem to be a recovery from ne 
tron damage between the first and secol 
day. 

If the same applies to the differenc 
between inseminated females and treat 
males, then neutrons should not be mo 


2 Charlotte Auerbach, Institute of Animal ( 
netics, Edinburgh, Scotland. 


‘ive when used on inseminated fe- 
}] than when used on males. 

Mary Alexander has just started to 
his during a visit to Edinburgh. Mean- 
this experiment has been done in- 
uidently by Dr. Oster. : 
jaAy°: The real test of your oxygen- 
)n hypothesis would be to do the 
yp set of experiments in nitrogen. Then 
vould know there was no influence 
itygen. If each could be irradiated 
if anoxia, then you would obviously 
ate this effect. Neutron experiments, 
see, aren't conclusive on this point 
se the neutron damage shows much 
bxygen than X-ray damage depend- 


TER: I believe that Dr. Baker carried 
juch experiments in 1953 while he 
at Oak Ridge and, indeed, he found 
ifference in the amount of damage 
fen first and second day sperm when 
fradiation was carried out in nitrogen. 
INING*:: I think that it might be an 
pn effect of the difference between 
first and second day, simply in that 
second day sperm are more anoxic 
for that reason there can be more 
jery. 
e opinion differs there between Dr. 
bach and me as to whether they keep 
perm or not. 
N BorsTEL’: Is there any recovery 
erm in the seminal receptacle over a 
d of several days? 
TER: No. We investigated that. We 
iated sperm in the male and then 
d the sperm in the female for 18 or 
, days. There was no appreciable 
ge in the mutation frequency. 
NN BorsTEL: We found a similar ef- 
We stored X-irradiated sperm in the 
le and found no subsequent changes 
duced mutation frequency. 
3RAHAMSON® : There is one discrepant 
t. If you irradiate the sperm in the 
le, then hold it for over 18 days, they 
- an increase in translocation rate 
18 or 20 days but no increase before 
time. 
TER: I made a special point of say- 
sperm irradiated in the male since 
1 aware of Herskowitz’s results ob- 
d by irradiating inseminated females 
hich you no doubt are referring. Ob- 
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viously, in his case, some indirect effect 
of the radiation on the females, perhaps 
mediated via the cytoplasm, must have 
played a role in enhancing the damage 
following the storage of sperm in their 
seminal receptacles and spermathacae. 
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problem of cell recovery is probably 
ry different from that of growth and 
entiation. One can assume, as a 
ng hypothesis, that a cell or cellular 
m will recover from injury if the nor- 
processes leading to specific cellular 
ions still remain in working condi- 
In other words, at present nothing 
to indicate the existence of special 
s that will cause recovery. Perhaps 
jury will change the conditions so 
the cells that had stopped dividing 
nter a new phase of mitotic activity 
begin to form new specific constit- 
, but these processes need not, a 
i, be different from those involved in 
al growth and differentiation. As we 
, these include: (1) the genetic sys- 
which, as discussed elsewhere in this 
osium, can be altered directly or in- 
ly by agents causing injury—even 
irect action may be reversible in some 
ces; (2) the specific systems that 
the information from the genes to the 
ar sites involved in division and dif- 
tiation, i.e., the ribonucleic acids 
) and the protein-synthesizing sys- 
often located in the cell cytoplasm; 
or this growth and differentiation to 
, the mechanisms of transfer of 
ic information from nucleus to cyto- 
must remain functional, as well as 
ormal exchanges between the differ- 
ellular parts and between the cell 
‘and the outer environment; (4) for 
1ése mechanisms to work, the cell will 
efficient phosphorylating systems. 

e will not discuss all these mecha- 
s, which have been reviewed previ- 
, but we shall focus our attention on 
major problems, the ribonucleic acid 
protein-synthesizing mechanisms. 
many cases, the injury is of very com- 
nature and can affect several of the 
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systems referred to. This is the case with 
radiation which affects them more or less 
strongly and therefore makes an analysis 
of damage difficult. In this paper we aim 
chiefly to discuss some perhaps more radi- 
cal or more specific treatments, that ap- 
parently have the virtue of leaving intact 
some of the mechanisms we have talked 
about. For instance, one can find condi- 
tions where it is hoped that only the nu- 
cleoli have been inactivated. This discus- 
sion will be concerned therefore with 
ribonucleic acid and protein metabolism in 
normal cells and in cells whose nucleoli 
have been inactivated by ultraviolet (UV) 
microbeam irradiations. A large number 
of these experiments were done by Dr. R. 
P. Perry with the collaboration of A. Hell. 
Their results led to the concept that in 
HeLa cells (and also in many other cell 
types studied by other investigators) ribo- 
nucleic acid synthesis takes place in the 
cell nucleus and from there migrates into 
the cytoplasm. This conclusion poses the 
problem of the mechanism of the migra- 
tion and also whether the migrating nu- 
cleic acids undergo molecular reorganiza- 
tion during the process. 

Work on this problem, using specific in- 
hibitors, was started in collaboration with 
Dr. R. P. Perry and continued by Dr. P. 
Srinivasan in our laboratory. 


MATERIAL AND METHODS 


Most of the work was done with HeLa 
cells kindly supplied by Professor P. De 
Somer (University of Louvain) and Dr. 
D. Dekegel (Institut de Pasteur, Brussels ) 
whom we thank heartily. They were grown 
on glass coverslips or in quartz cuvettes, 
incubated and microbeamed in the loga- 
rithmic phase as previously described in 
detail (Perry et al., 61). 


209 


210 


I. Nuclear synthesis of ribonucleic acid 


In the present system, the demonstra- 
tion of the nuclear origin of cytoplasmic 
RNA rests on two types of experiments, 
the kinetics of incorporation of the RNA 
precursors (H*-cytidine and H*-adenosine ) 
into normal cells, and the study of the fate 
of cytoplasmic RNA metabolism in cells 
whose nucleoli have been inactivated with 
the UV microbeam. 

Kinetics of riboside incorporation into 
nuclear and cytoplasmic RNA. ‘The pat- 
tern of the incorporation of H*-cytidine into 
HeLa cell RNA is shown in figure 1. The 
units of this graph are arbitrary and have 
been corrected for cell geometry and also 
for cytidine incorporated into DNA, meas- 
ured after ribonuclease treatment at each 
time of observation. The figure clearly 
shows a striking difference between nucle- 
us (nucleolus = n; the rest of the nucleus = 
N) and cytoplasm (= C). The rise is very 
rapid in the first case but only gradual in 
the second, and the incorporation rate 
seems to be zero in the cytoplasm at the 
beginning of the process. Furthermore, in 
the first case, the number of grains in N 
and n reach an equilibrium point after a 
few hours and increase steadily in the cyto- 
plasm once it has started. Short incuba- 
tion counts on N and n show the existence 
of a lag of a few minutes before the proc- 
ess starts simultaneously at comparable 
rates in N and n (fig. 2). 

Effect of microbeam irradiation on cyti- 
dine incorporation. In these experiments 
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Fig. 1 
in HeLa cells. Incubation mixture: 
®@10+0.4 we H*-cytidine (1.2 mc/mg). 
nates: number of grains. 
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Incorporation of H?-cytidine into RNA 
media 


INCORPORATION INTO 


0 5 10 15 
DURATION OF INCUBATION 
IN H3 CYTIDINE (min) 


Fig. 2 Incorporation of H®-cytidine into RF 
in HeLa cells same condition as figure 1. Ow 
nates: number of grains. 


the cells were grown, irradiated, incubat 
and radioautographed in the same quat 
cuvette made in an ordinary microsco 
slide as described previously (Perry et ¢ 
61). The results of a typical experime 
in which the cells were incubated fort 
hours in H*-cytidine after having be 
microbeamed are shown in table 1. 

Table 1 shows: (1) that microbeamii 
a nucleolus inhibits drastically its capaci 
to incorporate the precursor (Col. I). 7 
conditions were such, that the irradiati 
of one nucleolus did not affect the othe 
of the same cell and the irradiation of ‘ 
equivalent part of the nonnucleolar part 
the nucleus did not affect to any great € 
tent the incorporation of cytidine in t 
nucleoli; (2) that irradiating the nucle 
of a cell inhibits to a greater extent t 
cytidine incorporation in the other parts 
the nucleus than does microbeaming id 
tical areas elsewhere in the nucleus (C 
II). The difference between the activi 
of a cell irradiated through N and a ¢ 
irradiated through n gives a value for t 
nucleolar dependency of N RNA; (3) t 
irradiation of the nucleoli of a cell inhib 
more the cytidine incorporation in the cy 
plasm than does the microbeaming throu: 
N, a nonnucleolar part of a nucleus (Ci 
III). Again the difference between the 
two values will give the nucleolar depen 
ency of cytoplasmic RNA. 

If similar experiments are done usil 
various times of incubation with the radi 
active precursor, the results shown in tak 
2 and the curves of figure 3 are obtaine 
It can be seen that over 60% of incorpot 
tion into cytoplasmic RNA is nucleolar ¢ 
pendent, and that 30% of incorporati 
into N RNA becomes nucleolar-depende 
for incubation times exceeding 2 hou 
These results are taken from observatio 
of about 700 cells. 


he following facts can be stated from 
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TABLE 1 
; : } Summary of experiment no. 61 
Cells irradiated in designated areas and incubated 8 hours in H®-cytidine 
I It Tit 
Mean 2 
ns Seed Area melee ee Area ee Ripper 
er : 5 ° £0) 
nucleolus cells 2 ues nucleus cells aire Criizen cells 
6.5 28 None 41 28 None 43 28 
n 
6.2 15 & One 36 15 
Bra) Nucleus 35 26 
5 Two 29 12 
some 26 8 some 12 8 
pa ro 
alll 20 a) Ball 5.5 14 
g (two) 3 (two) 
A all 10 6 A all 3 6 
(three ) (three ) 


be two types of experiments: (1) RNA 
ormed independently in n (probably 
aprising its associated chromatin) and 
. (2) After 2 hours incubation, 30% 
he incorporation into N RNA is nu- 
lar-dependent. (3) Sixty per cent of 
jincorporation into cytoplasmic RNA is 
leolar-dependent. (4) The analysis of 
kinetic curves for the cytoplasm, when 
.60% of nucleolar contribution has 
n substracted, also show a zero rate at 
beginning of incubation, indicating 
the rest of the cytoplasmic RNA me- 
olism is not independent. Analysis of 
kinetic curves led Perry (’60) to show 
t this cytoplasmic RNA is dependent 
N 


hese experiments therefore lead to the 
owing picture: assuming that cytidine 
ake by these growing cells represents 
RNA synthesis, one can state that 


RNA is synthesized independently in the 
nucleolus (including its associated chro- 
matin) and in the rest of the nucleus, and 
moves from these two sites into the cyto- 
plasm. 


=y 
(e) 


1 


1 


NUCLEOLAR DEPENDENCE (%) 
ow a 
(eo) (2) 
i 


Teper leg T T 
i 2 4 6 
TIME OF INCUBATION IN H® CYTIDINE (hr) 

Fig. 3. Nucleolar dependence of N RNA (RNA 
from nonnucleolar part of the nucleus) and cyto- 
plasmic RNA. The experimental points are cal- 
culated from table 2. (See text.) 


TABLE 2 


Tritiated cytidine activity after microbeam irradiation, expressed as the percentage of the 
average for unirradiated controls, together with expected error based 
on total grain count 


Cytoplasmic activity 


- Time of Nucleolar activity Nuclear activity 
incubation 
i - Nucl Nucleolus Nucleus Nucleolus _Nucleus 
zo didine Ped Hevadisted teemaiated irradiated irradiated irradiated 
hours % % % % % % 
7) (esse. Vistants) 66+5 (press) 
a 10=2 91+9 5444 78+6 
> 4+2 100+9 59+5 73=95 
4 IOS) 100+9 59+5 88+6 45+5 LUSS10 
8 Toss2 73816 503 81+4 Dip asi?) 85+4 
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All the cytidine taken up by the nucleus 
may not be incorporated into polynucle- 
otide chains, for as pointed out by Vincent 
and Baltus (60) the abnormally high 
cytidine incorporation found for starfish 
oocyte nucleoli could be partially due to 
end-chain cytidine labeling. In unpub- 
lished experiments Perry and Diirwald 
have also found that the nucleoli, relative 
to the rest of the nucleus (N), have a 
higher incorporation of cytidine than of 
adenosine. 

The present experiments leave no place 
for significant independent cytoplasmic 
RNA synthesis, but give no precise infor- 
mation about the nature of the process of 
transfer of RNA from nucleus to cyto- 
plasm nor about the nature of the RNA 
being transferred. 


Il. Protein metabolism in HeLa cells 


Kinetic experiments. If a tritiated amino 
acid H* is incubated in a balanced salt 
solution with HeLa cells, it can be seen 
(fig. 4) that the kinetics of cytoplas- 
mic incorporation is quite different from 
what is found with ribosides, and there 
is no lag in the uptake of these amino 
acids into the cytoplasm. Furthermore it 
has been shown elsewhere that the relative 
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amounts of isotope incorporated into 
and C are constant during 24 hours (t 
3) indicating that the incorporation 
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Fig. 4 Kinetics of H®-lysine incorporation it 
HeLa cells. Incubation medium: balanced ¢g 
solution (Hanks medium) containing H*-lysi 
(19 wce/umole) at a concentration of 9 uc/ml.| 


TABLE 3 
Per cent of total cell-grain count in different parts of the cell 


ay Incubetion Nucleolus Nucleus Cytoplasm Remarks 
hours 

9 Ya 36 64 

9 1 43 We 
21 2 7.8 31 61.2 Medium supplemented 
21 2 9.8 33 57.2 with amino acids 
29 2 9.0 32 59 
34 2) 8.0 24 68 
65 2 Teh, 34 58.3 
93 2 7.0 28 65 
34 2 9.0 30 61 
64 QV 7.5 30.5 62 
21 4 8.3 35 56ar l Medium supplemented 
21 4 Ticks: 36 56.5 with amino acids 
29 4 ibs 41 48 
63 4 
79 4 5.0 34 61 
90 4 7.8 28 66 
62 42 6.0 on 57 
66 6 7.0 33 60 
29 8 11.0 33 56 
34 11 8.0 31 61 
34 16 9.0 Pugh 64 
84 16 3.0 31 66 

8.5 36 DOLD 


213 


BIOCHEMICAL PROCESSES AND RECOVERY 


‘snjoajonu ‘U fsnjosjonuU yNoYITM snajonu ‘Nj fuIsetdojAN “DH 


aurueyle 


-[auayd OIL Sar 86 0s €l Lb 6 6 8 S ae 
auIUeye ze 
-Aueyd 06 16 96 SIT 18 ot) s'9 ae Ge 6 Opa “AG 7c 
auIsh'T a Gy col 86 00oT 6S Ere OST Gia Cla SL 91 v8 
autsA'T £6 9S oor 98 oo. 69 LY Be ey Ne We We 9 99 
auIsA'T L9 88 88 00T W 19 66 Se Gy SCMINSC LOS p 06 
autshT 18 ig 48 TL OL 88 aire lip Te Te Ma Gi v 6L 
auIsh'T SB 16 SOT IIL 19 08 Gc ms 159) Cia ach LOG p 9 
auIsA'T 86 L6 Por ‘TIL 66 86 6% CIM CCC CuMEEOS G €6 
aursé'T won ie 8 S9 Gc te 8 commnod SiS ae OF, z ee 
auIsA'T 86 L6 OIE 601 LOL 08 8 re «69 ite 76 WE z v9 
: “LY 
PL el: aii II OL 6 8 L 9 g p € z IT ‘190 
IN eal 8 TENT beau SINT =F u N @) Baas Baad 
% AE Sake uoTyeqnouy ws 
O° Ul Surureuter N Ul SULlUreuler U Ul SULUTeULEL S[OI}WOO UT ee ers : ‘dxq 
AWATIOV % AWATIOV % AWATIOV % sjunoo a8vr2Ay TI99 JO "ON 


a 


1129 ay2 fo szipd quasafjip ur sp19p ourwy fo wo1jvLod.09ut ayz WO (NI) ,.Snajonu,, puv (4U) snjoajanu ybno1y, woaqo1nUm AQ fo VAL T 
yY AIAVL 


214 


these three cellular parts is probably inde- 
pendent (Errera et al., ’61). To obtain 
sufficient uptake of amino acid it has been 
necessary to use a balanced salt solution; 
one cannot therefore assume in these ex- 
periments, that one is dealing throughout 
with a true synthesis. However, at least 
during the initial incubation, it is probable 
that the pool of protein precursors is still 
sufficient for true synthesis to take place. 
The mitotic indices at 2, 8 and 24 hours 
have been counted and are still of 5.3, 4.1 
and 2.5%. In the cytoplasm therefore 
this synthesis would be independent from 
the nucleus. 

Microbeam experiments. Under condi- 
tions where the nucleolar RNA metabolism 
has been completely inhibited, the micro- 
beam experiments already published (table 
4) (Errera et al., 61) have shown no ef- 
fect on amino-acid uptake (lysine and 
phenylalanine) in any of the cell parts 
studied when the incubation was 4 hours 
or shorter. After that time (up to 16 hours) 
one finds that the nucleolar and cyto- 
plasmic activity (not the N activity) drops 
by about 30%. This result indicates that 
the protein metabolism becomes dependent 
on RNA activity only after a few hours— 
and even after 16 hours we have found no 
evidence of nucleolar dependency of N 
protein metabolism. Therefore it is prob- 
able that the nucleolus has some remote 
control on cytoplasmic RNA metabolism 
since it takes more than 4 hours for nu- 
cleolar injury to become manifest and to 
reduce the cytoplasmic protein activity by 
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about 30%. Actually the amino-acid 

take follows much more closely the RI 
concentration than the RNA metabolis 
This is certainly true in N and n in wh 
the ratio n/N of RNA concentrations 
ured by microspectrophotometry by Pex 
(Perry et al., 61) are approximately 0. 

very close to what is found for lysine 1 
take. The lysine uptake in the cytoplasm 
lower than expected when cytoplasm 
RNA is measured by microspectrophota 
etry but close to what one would exp 
from biochemical data on nucleo-cytopl} 
mic ratios (see table 5). 


" 


III. Nucleo-cytoplasmic transfer of RN 


If the hypothesis that RNA is syntl 
sized in the nucleus (N+ n) and th 
transferred to the cytoplasm is correct, 
should be possible to demonstrate th 
transfer by labeling the cells so as to ha 
high N +n activity (1 hour incubatid 
for instance, see fig. 1) and then to fi 
ther incubate them in a medium contai 
ing no radioactive precursor or even hil 
amounts of the nonradioactive equival 
of the precursor used for the initial la 
ing. The cells are incubated for 1 hour) 
usual with the appropriate tritiated prec 
sor (usually cytidine) in Eagle’s medi 
and are thereafter removed to fresh Eagl 
medium containing 100 times more of t 
nonradioactive riboside. The cells are fix 
after various times of “chasing” and t 
grains counted as usual. In this mediu 
there is usually a further rise in the tot 
grain count indicating that the labeled pr 


TABLE 5 
Loss of acid insoluble nuclear C!4-adenine during homogenization of HeLa cells 
Per cent of C!* tracks lost in bare nuclei compared to whole cells of the same homogenate! 


Time of incubation in C14-adenine 


10 min. 30 min. 1 hr. 2 hr. 4 hr. 17 hr. 
Experiment I 
Immed. after homogenization 20 Pps 10 4 
30 min. after homog. (at 0°C.) 33 44 ot ill 8 
Experiment II 
Immed. after homogenization 30 29 28 23 10 
30 min. after homog. (at 0°C.) 36 38 35 36 15 


‘The cells after incubation in a Roux flask with 0.45 uc 8-C!4-adenine i 
are homogenized in sucrose CaCl, (Allfrey and Mirsky, 58 ) in a Virtis Ponce aa 
of maximum speed) until about 50% of the cells are broken up. The homogenate is smeared 
on microscope slide and radioautographed with Ilford G> emulsion according to Ficq (’57) 
after fixing in acetic alcohol and removal of acid soluble material in 2% PCA according 


to Perry et al. (61). 


== —— 
6 8 
TIME (hr) 


g. 5 Kinetics of transfer of cytidine incor- 
ted into RNA from nucleus to cytoplasm. 
issae time (hours) incubated in nonradio- 
e medium following 1 hour of H3-cytidine 
e (0.9 ue of H*-cytidine per ml of Eagle’s 
ium). Ordinates: number of grains in nu- 
s (N-+n) and cytoplasm (C) normalized to 
e total as before transfer begins. 


sor is not being diluted out by the high 
centration of its nonradioactive coun- 
art. However, if the total number of 
ins after 1 hour in radioactive medium 
the various chasing periods are nor- 
ized to an equal number, it can be seen 
t the drop of radioactivity in the nu- 
s equals the rise in the cytoplasm (fig. 
therefore giving good evidence for nu- 
-cytoplasmic transfer of labeled mate- 
It has been noticed that the rate of 
p of the radioactivity is initially greater 
than in n indicating perhaps that two 
lear components are migrating, the 
er corresponding to N RNA, the slowest 
haps ton RNA. More accurate data are 
ainly needed to establish this point. 
t is important to determine in what 
ecular state the RNA thus formed in 
nucleus, migrates into the cytoplasm, 
whether this transfer is done without 
ecular rearrangement of the RNA. 
everal types of experiments have been 
ied out in order to obtain information 
this matter. We have investigated: (1) 
- susceptibility to ribonuclease of the 
idine-labeled RNA before or after its 
nsfer to the cytoplasm; (2) the form of 
yperature-dependency of this transfer; 
) the dependency of this transfer on 
h-energy phosphate sources. 
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Susceptibility of RNA to ribonuclease. 
One experiment, done in collaboration with 
Professor W. Plaut, showed that (1) after 
1-hour incubation of HeLa cells in H*- 
cytidine, the isotope is almost completely 
removed when the cells are further incu- 
bated at 37°C. for 1 hour in a medium 10 
(Perry et al., 61) containing 1 ug/ml of 
ribonuclease (Armour), although perhaps 
not quite as efficiently as when the cells 
are fixed; (2) the RNA is broken down and 
the low molecular weight compounds con- 
taining the labeled cytidine are not re- 
utilized if the cells are transferred after 
their incubation with ribonuclease into 
fresh nonradioactive medium; (3) if the 
labeled cells (1 hour in H*-cytidine) are 
transferred to cold medium for 4 hours 
and only then submitted to ribonuclease at 
37°C. both nuclear and cytoplasmic H’- 
RNA are removed, indicating that even 
after prolonged incubation, the RNA that 
has taken up cytidine remains susceptible 
to ribonuclease after its transfer to the 
cytoplasm. As Brachet and Six (’59) have 
suggested for onion roots, this RNA might 
be chiefly of a non-sedimentable type. 

Temperature dependency of RNA trans- 
fer. Transfer of RNA from the nucleus 
to the cytoplasm has been investigated at 
various temperatures between 20 and 
40°C. in order to find out whether the pat- 
tern of temperature-dependency of RNA 
transfer and of RNA synthesis (uptake of 
H*-cytidine) differed or not. The results 
are shown in figures 6 and 7. It can be 
seen that both uptake and transfer are 
completely inhibited at the lowest temper- 
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Fig. 6 Temperature dependence of H*-cytidine 
uptake. Ordinates: number of grains per nucleus 
(N+n). Abscissae: temperature during incuba- 
tion for 1 hour in 0.9 uc H®-cytidine per ml Eagle’s 
medium. 
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Fig. 7 Temperature dependence of transfer of 
H3-cytidine incorporated in RNA from nucleus to 
cytoplasm. Abscissae: temperature during RNA 
transfer. Ordinates: Number of grains in the 
cytoplasm after 4 hours incubation in nonradio- 
active Eagle’s solution containing 10 ugr cytidine 
of cells having incorporated H*-cytidine for 1 hour. 


atures studied, and the slopes of the tem- 
perature-dependency curves are roughly 
similar, so that no conclusion can be drawn 
from these experiments. It had been ini- 
tially hoped that if a difference in tem- 
perature-dependency were found it might 
have been possible to distinguish an ana- 
bolic process from one where membrane 
phenomena or physical properties of the 
cell are probably involved. 

Requirement for high-energy phosphate. 
Experiments done in the presence of high 
concentration of fluoride (10~*M) or 2,4- 
dinitrophenol (5 X 10~* M DNP) in Eagle’s 
medium did not show any inhibition of 
transfer. In experiments with fluoride 
there was also no inhibition of uptake of 
cytidine after 1 or 4 hours incubation; in 
those with DNP although there was a 
striking inhibition at 1 hour, the cells 
had taken up as much cytidine after 4 
hours as the controls. 

Again these experiments have not led to 
a clear cut distinction between transfer 
and uptake, owing probably to the fact 
that in the case of DNP, at least, the ex- 
pected inhibition of oxidative phosphoryla- 
tion is compensated by a high glycolytic 
activity. 

Preliminary biochemical analyses. At- 
tempts to correlate radioautographic tech- 
niques with mass biochemical analyses 
have been made, in collaboration with 
Miss A. Faures, to obtain confirmation of 
the correctness of the cytochemical data 
and also to identify the state in which nu- 
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Fig. 8 Kinetics of adenine incorporation i 
HeLa cells and cell fractions. Abscissae: Ti 
of incubation in C14-adenine (conditions: 
table 5). Ordinates: total count for 10 cells. 


clear RNA reaches the cytoplasm. Inc 
porations of adenine-8-C** were made 
Roux flasks. Consequently it was foul 
that the total uptake, like in the rad 
autographs, was linear at least for 
hours (fig. 8). 

Fraction studies have, however, sho 
that in the cytoplasmic fraction, the ra 
activity also increases almost linearly fr 
the beginning of incubation (although aa 
nine-8-C* radioautographs show the sa 
pattern as with H*-cytidine) and the levé 
ing out of nuclear activity is not appa 
as it is in the radioautographs (fig. 
This seems to indicate a loss of some ni 
clear component during the fractionatic 
procedures showing that for cells that han 
incubated for short times, about 30% | 
the nuclear activity is lost to the surroun 
ing medium and would be counted ; 
“cytoplasmic” (table 5). If the mean « 
total activities recovered in nuclei ar 
cytoplasm is compared to the mean of tot 
RNA recovered (table 6) it can be see 
that the loss of RNA during fractionatic 
is negligible compared to the loss of a 
tivity. This must indicate that a fractic 
of the order of a few % of the total RN 
but containing about 50% of the total a 
tivity, is lost during the fractionation. Pa 
of the adenine is therefore taken up into 
very labile and acid-insoluble compone! 
which appears to be formed faster tha 
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TABLE 6 


Total radioactivities and RNA recovered during fractionation of HeLa cells incubated 
with C!4-adenine} 


% Radioactivity recovered compared 


% RNA recovered compared 


gaol bation to radioactivity of whole cells = 100 to RNA of whole cells = 100 
N “Cc N+C N @ N+C 
hours 
1 16 24 6) 15) 97 
4 37 25 38 74 102 
ie 23 38 31 75 96 


} component in which adenine is taken 
(in a more stable form. 

uclei are obtained from homogenates 
ere only 3-5% of cells remained intact 
4 are purified according to Allfrey, 
awa, and Mirsky (57). Cytological ob- 
vations on the nuclear fractions showed 
it although there were not more than 
>% whole cells, there were approxi- 
ely still 10% of the nuclei containing 
ne of the cytoplasm attached to them 
1 there were also some cytoplasmic 
lumps” free in the suspension. This cyto- 
ismic contamination can be determined 
measurements of cytochrome oxidase 
#itochondria ) and glucose-6-phosphatase 
licrosomes ). These measurements give 
otal contamination factor of 30% and 
Yo cytoplasm in these nuclear suspen- 
ms. When calculating nuclear RNA, 
is contamination can be corrected for 
measurements of the amounts formed 
ithe same number of whole cells and in 
clei containing 25% cytoplasm contam- 


m a homogenate where only 50% of 
s are disrupted after spinning for 10 
utes at 10,000 g (F.), for 90 minutes 
}100,000 g (F:) and the supernatant 
im the last centrifugation is (Fs). Fi, Fs, 
H-F; contain respectively 17, 27, 17% of 
' total-cell RNA in fair agreement with 
} figures given by Joklik and Rodrick 
19). 
i # specific activities of the various 
tions were then determined. The ac- 
ties of each fraction were compared to 
} specific activity of whole cells taken as 
) and are tabulated in table 7. 


1 These figures are the average of exp. 1-4 for the nucleus and 5-7 for the cytoplasm and 
| are compared to results obtained on whole cells in companion experiments. RNA is deter- 
} mined according to Miller (59); cell fractionations are done according to Joklick and 
Rodrick (759); and chemical analyses as described by Faures and Errera CO Ne 

C, cytoplasm; N, nucleus without nucleolus. 


These figures indicate that at short time 
incubations (1 hour) the specific activity 
of the nuclear RNA is only about 50% of 
that of total cell RNA, although the radio- 
autographs have shown at this time that 
80-90% of the labeled RNA is in the nu- 
cleus. This again means that a highly 
radioactive fraction of RNA is lost from the 
nucleus and explains the relatively high 
total “cytoplasmic” labeling of RNA in 
cells in which the radioautographic counts 
have shown it to be negligible. It also ex- 
plains the linear cytoplasmic RNA activity 
on increasing incubation times. After 4 
hours, the specific activity of nuclear RNA 
is about equal to that of total-cell RNA. 
It becomes smaller at 17 hours, a time 
when the radioautographs have shown that 
cytoplasmic activity is building up. These 
experiments also show that there certainly 
is a considerable loss of radioactivity dur- 
ing the fractionations, because the specific 
activity of total cell RNA is always the 
highest. The present results further indi- 
cate that after 1-hour incubation, the cyto- 
plasmic fraction with the highest RNA 
activity is F;, the supernatant of a 1.5 
hours centrifugation at 100,000 g, it is 
therefore probable that this fraction at 
least, contains RNA coming from the nu- 
clei which has been shown to be ribo- 
nuclease-sensitive. At longer incubation 
times, the heavier particles, which sedi- 
ment in 10 minutes at 10,000 g, become 
the most active. It is difficult at present to 
interpret these results further before a 
safe correlation can be established between 
the fractions F;, F:, and F;, and cytological 
entities such as mitochondria, microsomes, 
ribosomes, etc. 
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TABLE 7 


Specific radioactivity of RNA of fractions! of HeLa cells incubated for various 
times with C14-adenine 


The figures are expressed as % of specific activity of RNA of whole cells (= 100) 
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% Total specific activity found in 


Exp. _ Time of INGE Cytoplasm 
ue: TEES Total C Fi Fa F3 
hours 
1 1 47 
9) 1 46 
3 1 51 
1 60 
: 1 22 16 BAS 39 
Ue 1 40 38 15 43 
1 4 107 
2 4 43 
3 4 97 
4 4 92 
5 4 33 19 SAP 41 
6 4 28 21 16 30 
Ti ca 52 on 60 72 
1 17 7a 
2 17 72 
3 U7 66 
5 yf 46 62 Oi 44 
6 7, 34 44 16 38 
uf WG 58 66 51 59 


1 Cytoplasmic fractionation is according to Joklick and Rodrick (59) on a cytoplasmic 
fraction obtained after homogenizing to a point when about 40% of the cells were broken 
down and not more than 4% of the nuclei were disrupted. 


However these data on “cytoplasmic” 
RNA can be compared to those of Frenster 
et al. (61), who showed that nuclei hav- 
ing incubated for 60 minutes in radioactive 
orotic acid or adenosine, liberate in buff- 
ered calcium chloride, some particles con- 
taining ribonucleic acid that have incor- 
porated orotic acid. When these particles 
are ultracentrifuged it is found that the 
smaller the particles, the higher is their 
ability to incorporate orotic acid and the 
supernatant RNA is one of the most active 
fractions. It can be shown also that the 
alanine incorporation ability of these par- 
ticles in vitro is not affected by ribonu- 
clease. 

As we are certain from the radioauto- 
graphic controls of the homogenized cells 
(table 5) that at 1-hour incubation, 30% 
of the adenine which has been incorporated 
in the nuclei passes into the “cytoplasm” 
during fractionation, we know that most 
of the radioactivity counted in the “cyto- 
plasm” at 1 hour is of nuclear origin. It is 
therefore very probable that our fraction 
F; contains RNA related to the smallest 
and most active particles that can be iso- 


lated from the nucleus as ribonucleop 
tein particles (Frenster et al., 60). 


DISCUSSION 


Nucleo-cytoplasmic relationships in 
RNA and protein synthesis | 


Parts I and II of this paper are coi 
cerned with the nuclear dependency 
RNA and protein synthesis and the ge 
eral idea that there is a direct dependen 
of cytoplasmic RNA on nuclear process 
but only a remote dependency of cyt 
plasmic protein metabolism on the n 
cleus. This is in complete agreement wi 
work by Brachet (’57); Prescott (59! 
Zalokar (’60); Pelling (’59); and other 
Perry (60) discussed the nuclear depen 
ency of cytoplasmic RNA metabolism i 
HeLa cells. The combination of kinet: 
and microbeam experiments led him 1 
conclude that in these cells, taken in tt 
logarithmic phase of growth, almost all, 
not all, cytoplasmic RNA is under dire: 
nuclear control. RNA precursors appear 1 
be taken up independently in the nucleoh 
(plus probably its associated chromatir 
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in the rest of the nucleus and from 
e move to the cytoplasm. The nonnu- 
lar part of the nucleus (N) would thus 
ain two RNA’s: one, on its way from 
nucleolus to the cytoplasm which 
bunts to about one-third of N RNA, the 
er two-thirds being synthesized directly 
he chromatin and perhaps in the nu- 
rsap. The cytoplasmic RNA would be 
endent + 65% on the nucleolus and 
t 30% on the rest of the nucleus (N). 
connection with this finding Edstrém 
) has found a direct correlation be- 
en the base composition of nucleolar 
cytoplasmic RNA. Does this mean 
in all conditions cytoplasmic RNA 
abolism or synthesis is strictly depend- 
on nuclear activity? It has been shown 
Brachet (’57) that anucleate fragments 
Acetabularia are still capable of taking 
labeled RNA precursors, and chloro- 
tic RNA synthesis goes on, even at a 
ner rate for several days after enuclea- 
. This increased net synthesis is com- 
sated for by a rapid drop of microsomal 
| nonsedimentable RNA that are much 
je dependent on the nucleus. It is there- 
( possible that independent RNA syn- 
‘is exists only in specialized systems 
chloroplasts and perhaps also mito- 
indria and other more independent or- 
elles. 


) Movement of RNA from nucleus 
to cytoplasm 


ihe movement of RNA from nucleus to 
)plasm can very well be studied by the 
Sent technique of labeling and further 
abation in cold medium. It can be 
nh that the precursor taken up chiefly 
%the- nucleus after 1-hour incubation 
rates from there into the cytoplasm, 
| the experimental curves seem to indi- 
i that not all of the precursor incor- 
ated leaves the nucleus. The cytidine 
b incorporated into the nuclear RNA 
ery susceptible to ribonuclease in vivo; 
‘mains susceptible to ribonuclease after 
‘isfer to the cytoplasm. From the work 
Brachet and Six (’59) it is likely that 
Nsedimentable RNA is the one most 
Sitive to ribonuclease in vivo. The fact 
4 in HeLa cells the RNA with the high- 
‘specific activity after 1 and 4 hours 
Abation in radioactive adenine is non- 
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sedimentable and sensitive to ribonuclease 
is in line with this concept. Part of this 
RNA could be “soluble RNA” (S RNA) 
which has the function of transferring 
activated amino acid to microsomal RNA; 
part might also be a carrier of genetic in- 
formation into the cytoplasm; it is prob- 
ably lighter than microsomal RNA and 
heavier than S RNA, and its high suscepti- 
bility to ribonuclease in vivo may be be- 
cause it is not yet protected by a protein 
complement. 

In an attempt to distinguish between 
RNA transfer and RNA synthesis we stud- 
ied the temperature dependency of both 
these processes and found them to be 
rather similar. It has therefore not been 
possible to find temperature conditions 
when one of the two processes could be 
studied in the absence of the other. We 
also looked for conditions where synthesis 
and transfer of RNA could be distinguished 
by using inhibitors of phosphorylations. 
In the presence of high concentrations of 
fluoride (10°? M) no inhibition of either 
process was observed when experiments 
were done in Eagle’s medium. One experi- 
ment done in ®10 did show a 50% drop 
in the uptake but not in the transfer of 
RNA, and this effect of fluoride might be 
due to the lower magnesium concentration 
of the ©10. In the case of 2,4-dinitro- 
phenol, we always found a normal trans- 
fer of RNA, but there was a very striking 
inhibition of uptake of cytidine after the 
first hour which was, however, usually 
compensated for after 4 hours. It is at 
present difficult to interpret these results 
in a manner that would throw some light 
on the mechanism of RNA transfer. 


RNA synthesis and recovery processes 


We have seen that in the present system 
there appears to be some dissociation 
between protein and RNA metabolism; 
whereas RNA metabolism of HeLa cells is 
exclusively and directly nuclear-dependent, 
protein metabolism is able to take place in 
the cytoplasm, independently of nucleolar 
metabolism—at least for some time. The 
present experiments have not demon- 
strated any dependency of cytoplasmic pro- 
tein metabolism on the functioning of 
(N). The general significance of these ex- 
periments can probably best be discussed 
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by comparing them to some of the data on 
enucleated organisms. Acetabularia are 
known to be able for some time to re- 
generate and to undergo morphogenesis 
in the absence of a nucleus. This process 
has been shown by Hémmerling to be un- 
der direct nuclear genetic control. The 
“information” once in the cytoplasm seems 
stable for some time and its expression is 
probably reflected by the high RNA metab- 
olism found in normal and nonnucleated 
tips of the algae by Brachet and Olszewska 
60). 

The nonnucleated part of the algae can 
still photosynthesize C™O: into its proteins, 
increase its net amount of aldolase, fructo- 
sidase and phosphorylase for some weeks, 
though not synthesize the acid phosphatase 
of the nonsedimentable cytoplasmic frac- 
tion (see Naora et al., 60; Brachet, 60). 

Morphogenesis is in some way linked 
with marked sulfur metabolism. Methi- 
onine is actively taken up by the proteins 
of the nucleolus and also by the tip of the 
alga (Brachet and Olszewska, 60). Sulfur 
proteins play an important role in morpho- 
genetic processes (Brachet, 59); reducing 
agents are able to inhibit them, not only in 
Acetabularia but in a variety of organisms 
like amphibian embryos and planarians. 
From a variety of experiments Brachet 
(59) has postulated that the thiol-disul- 
fide equilibrium in some manner controls 
the expression of the genetic information 
carried into the cytoplasm, and suggested 
that studies of agents capable of influenc- 
ing the sulfhydryl-disulfide equilibrium on 
transferred RNA might be valuable. 

There are a number of analogies and 
some dissimilarities between the HeLa 
cells which have been reported upon and 
the Acetabularia which we considered use- 
ful to discuss at some length. The HeLa 
cells are in logarithmic phase of division; 
the algae are growing and differentiating 
but not dividing during the time of study. 
However in both systems microsomal and 
nonsedimentable RNA are highly nuclear- 
dependent, and protein metabolism seems 
to some extent more remotely dependent 
upon the nucleus; the synthesis of some 
proteins is possible as long as the cyto- 
plasm is not depleted of its RNA. 

These experiments confirm those of 
Brachet and are in complete agreement 
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with present concepts that ribonuc 
acids are intermediate information carri 
from the genes to the place of specific 
tein synthesis, although in the case 
some proteins (perhaps the chromoso 
proteins) there might be a more di 
mechanism of information transfer. 
These studies, if not dealing dire 
with recovery, may be useful in approa 
ing one of the fundamental proces 
needed for all recovery processes. 


OPEN DISCUSSION 


Prescott’ : I would like first of alll 
congratulate Dr. Errera and his collab 
tors. I think this work of Dr. Errera 
Dr. Perry is some of the best in settling 
argument of whether or not there is as 
stantial and continuous transfer of ribo 
cleic acid from the nucleus to the cy 
plasm. Most people believe this occu 
although perhaps it hasn’t been prow 
with complete conclusiveness. There! 
still a fair amount of resistance to the ic 
encountered from time to time among i 
chemists—particularly those who sugg! 
that some RNA fractions are synthesig 
in the cytoplasm. ) 

Our results, however, are in compl 
agreement with Dr. Errera. In fact, we ¢ 
an almost identical picture when meas 
ing incorporation of a radioactive preci 
sor into RNA. In the ciliated protozo| 
Tetrahymena exposed to tritiated cytidii 
or uridine, nuclear RNA becomes label 
first. The nucleus of this cell has a t 
mendous capacity for synthesizing RN 
The cytoplasm of Tetrahymena cons 
tently shows a delay in the labeling of 
RNA, and, to limited extent, we can « 
perimentally change the length of this ¢ 
lay. Eventually, however, the cytoplas 
exceeds the nucleus in the amount 
labeled RNA. This type of relationship } 
tween the labeling of nuclear and cy 
plasmic RNA is consistent with the id 
that the nucleus is the exclusive source 
RNA. These comments on Tetrahyme 
refer to the macronucleus. The micror 
cleus is so small that detection of RD 
synthesis within it would be very difficu 

These experiments involve continuo 
labeling with uninterrupted presence 
the radioactive precursor. In a pulse « 
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fiment with removal of the label from 
} medium at a point before the cyto- 
sm begins to show any labeled RNA, the 
leus continues to increase its radioac- 
ty for a time after this removal because 
i large pool of RNA precursors that can- 
# be washed out of the living cell. The 
| ‘leus- then gradually relinquishes its 
jioactive RNA to the cytoplasm. When 
! nucleus is emptied of radioactive RNA, 
: cytoplasmic radioactivity no longer in- 
jases. Again, this supports the idea that 
A in the cytoplasm is derived from the 
fleus. 

Whe question remains whether all the 
JA in the cytoplasm comes from the nu- 
jus or whether the cytoplasm has an in- 
pendent capacity to make this macro- 
dlecule. We have done another type of 
periment on a number of cells—namely, 
icut cells into nucleated and enucleated 
Hces and to examine the abilities of these 
gments to perform various activities. 
cleated Tetrahymena fragments live 
24 to 72 hours. In the case of amoeba, 
h fragments may survive for 2 or 
pveeks. When Tetrahymena fragments 
* immersed in nutrient media con- 
Ining tritiated uridine or cytidine, one 
ids that the enucleates are never able to 
torporate any radioactivity into RNA. 
cleated fragments incorporate radioac- 
jity at a rapid rate. This is an absolutely 
fan-cut black and white result. Enu- 
ated pieces of cytoplasm do not make 
A. 

If the same experiment is repeated with 
adioactive amino acid, for example with 
iated histidine, protein synthesis can be 
onstrated in enucleates, but it takes 
ace at a much lower rate than in nu- 
rated fragments. We have correlated the 
ount of RNA in the enucleated cell with 
ability to incorporate amino acids into 
otein and found the following picture in 
trahymena. During the first 12 to 24 
urs, the amount of RNA in the enucleate 
es down precipitously. The capacity of 
h cells to incorporate tritiated histidine 
to protein declines rapidly and is com- 
ptely lost by 8 to 12 hours after enuclea- 
m. By this time the fragments have lost 
average of 30% to 40% of their RNA. 
suggests that there may be a fraction of 
A that is continuously supplied by the 
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nucleus normally and is used up during 
protein synthesis. When this fraction is 
exhausted in enucleated cells, amino acid 
incorporation stops. 

KELLY’ : Dr. Prescott, I think we must 
remember that almost all the biochemical 
studies which have suggested independent 
synthesis of RNA in the cytoplasm have 
been done in liver. These are not dividing 
cells, in contrast to most of the cells which 
you and Dr. Errera have studied. They 
have a high intracellular turnover of RNA 
and protein and may well have additional 
cytoplasmic synthetic pathways. I do not 
think the kinetic studies by Barnum, Pot- 
ter, and many others can be ignored. 
While the autoradiographic experiments 
clearly demonstrate transfer of nuclear 
RNA to cytoplasm I do not see how they 
can rule out independent cytoplasmic syn- 
thesis at this time. 

Dr. Errera, have you done similar stud- 
ies with adenine so we can compare them 
with the earlier studies of Logan and your- 
self? Also have you tried X rays on your 
cytoplasmic RNA? 

ERRERA: We did do some studies with 
adenosine with identical results. Ade- 
nosine is taken up in the nucleus and 
moves to the cytoplasm. 

As far as the cytoplasmic RNA is con- 
cerned, one must be very cautious because 
the mere fact of homogenizing cells may 
create artifacts: we have mentioned that 
after short incubations, a small but very 
radioactive nuclear RNA is lost to the 
“cytoplasm” upon homogenization. This 
small fraction could very well pick up RNA 
precursors when outside the nucleus. 

If we can come back to the radiation 
work, I have done only one experiment and 
that is why I didn’t talk about it. I will 
give the details of this experiment which 
we have to repeat. 

We gave cytidine for 1 hour. Then we 
irradiated with 100, 300, or 900 r in differ- 
ent experiments, after that we further in- 
cubated the cells for 4 hours in non-labeled 
medium. 

We see two things in this experiment. 
The total number of grains decreases: 
after 100 r we find only about 80% of the 
grains; after 300 r, about 60% ; after 900 r, 
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about 40%. This result seems to indicate 
that this RNA or this material in which 
the cytidine is taken up is highly labile 
both toward X rays and ribonuclease. 

If we measure in the radioaudiographs, 
the ratio grains in nucleus/grains in cyto- 
plasm, we see that after 4 hours the ratio 
is the same whatever the dose and that the 
cytoplasmic grains have increased during 
the 4 hours in the cold medium; this seems 
to indicate that what is sensitive is the 
newly formed RNA or at least the mole- 
cule in which the cytidine is taken up. 

The mechanism transfer from nucleus 
to cytoplasm does not seem sensitive to X 
rays. That is how we interpret these pre- 
liminary results.° 

NyGAARD‘ : This is a comment in con- 
nection with Dr. Kelly’s remark. With re- 
spect to Barnum’s curves (Arch. Biochem., 
29: 7, 1950), they definitely show that the 
RNA of the nucleus has a very high turn- 
over. However, in view of present knowl- 
edge that cytoplasmic RNA is far from a 
homogeneous mixture, I think we should 
realize that the incorporation we find in 
the “supernatant” RNA from a non-specific 
precursor such as radioactive inorganic 
phosphate might be due to the labeling of 
the “transfer RNA” (S-RNA) and conse- 
quently one cannot expect this fraction to 
satisfy the calculations of the precursor- 
product relationship. Also, I believe we 
are today willing to accept that there are 
at least two separate metabolic fractions 
of nuclear RNA. If we want to establish 
a precursor-product relationship based on 
“kinetic” curves I think that we ought to be 
very sure that we are comparing the per- 
tinent curves and not curves representing 
heterogeneous mixtures of RNA. 

So I would say I don’t think that you can 
really apply those data (by Barnum) to 
the present case. I think another compli- 
cating factor is the very high rate of pro- 
tein synthesis in the liver cytoplasm with 
its concomitant rapid turnover of “trans- 
fer RNA” and this, of course, will obscure 
any relationship between nuclear RNA and 
another supernatant RNA with a lower 
level of incorporation. I believe we cannot 
by any means discount the data that the 
people working with autoradiography are 
presenting. On the other hand, I think 
their interpretation of total grain counts 
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should be regarded with the same amoy 
of caution, because they, as well as | 
biochemists, are not always sure that th 
are studying one single fraction of R. 

ErRRERA: Of course, I must be hon} 
about these results. Actually the cale 
tions show that we cannot account | 
100% of the cytoplasmic RNA comii 
from the nucleus; the data are not th 
accurate. I think we have to leave a 10i 
uncertainty factor which might leave plz 
for independent cytoplasmic RNA for 
tion. But at present there is no real | 
dence for this. 

Prescott: Dr. Kelly, were those expe 
ments from Barnum’s laboratory on | 
mogenized tissues? 

KELLy: The incorporation was in Vit 
You have to homogenize them separate) 

Prescott: I would like to add to I 
Nygaard’s notes of caution. This is, if y 
take a nucleus out of a cell it becomes } 
reversibly damaged almost immediate 
Anyone who has ever tried to make 7 
clear transplantations and to obtain s 
vival of the transplanted nucleus is wi 
aware of the tremendous lability of t 
nucleus. This means that the nucleus 
altered by removal from its normal cy 
plasmic environment. With respect 
this, there have been several papers ? 
cently, and we have checked the point o 
selves, which report that when isolat 
nuclei are prepared from homogenates, 
substantial leakage of RNA from the n 
clei occurs within the first few minut 
after isolation. Some of this work h 
been done on liver nuclei. Any conclusi 
drawn from measurements of specific < 
tivities or base ratios of RNA derived fro 
the various homogenate fractions are op 
to very serious doubt. 

I think we are again confronted with tl 
uncertainty principle and will have to p 
all of the biological and biochemical da 
together in order to come up with the be 
single conclusion. 

Upton® : With reference to comparati 
studies of UV irradiation of nucleoli 
different kinds of cell, I should like to a 
if the effects on the nucleolus appear to 


1 


’ This experiment has since been repeated a 
confirmed. 
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or none in each instance, and whether 
relative radiosensitivity to UV varies 
different kinds of organisms. 

RRERA: In these experiments, of course, 
ere we are using the UV microbeam, we 
using very high energies (= 8 x 1073 
s/u’/sec.). I think we are not studying 
y specific UV effect, it would be just the 
me as if we took any unspecific dena- 
ng agent. 

[If one looks at radioautographs after X 
rs, I don’t think one can say specifically 
t the nucleolus is more sensitive than 
rest of the nucleus. We did think this 
s the case with UV irradiated starfish 
ytes a few years ago. 

OVELLI’ : I would like to make a bio- 
emical comment with respect to the in- 
pretations of grain counts as reflecting 
nuclear as opposed to a cytoplasmic syn- 
sis of RNA. It is clear now that at least 
tee nucleotides can be added to transfer 
JA in a reaction that is independent of 
JA. All transfer RNA’s have a cytidine, 
idine, adenine terminus that seems to 
on and off quite easily. Thus this end 
jthe RNA could conceivably become la- 
ed in the absence of nuclear participa- 
On the other hand, Weiss, Hurwitz 
Andrey Stevens have demonstrated 
te convincingly that another type of 
JA is synthesized in a DNA-dependent 
nction. This RNA could very likely be 
nthesized in the nucleus. Perhaps some 
ithe conflicting observations being dis- 
ssed would be resolvable on the basis 
it one is looking at two different kinds of 
1A with different origins and functions. 
ALEXANDER’ : I would like to take issue 
th Dr. Prescott, who says we have got to 
me_up with the best single solution, be- 
use I think this is the very thing we 


ere are marked differences in the 
ioplasmic structure between the cells 
ut are differentiated and produce pro- 
-for functional purposes, and the cells 


igues of mine, Mercer and Burbank, 

marized the tremendous differences 
istructure; and the electron microscopists 
juld certainly conclude that there might 
iquite different mechanisms in cells that 
e to make protein and RNA merely for 
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their own reproduction, and those that 
have to have a machinery for making pro- 
tein for functional purposes. 

VON BORSTEL’ : For the benefit of those 
who irradiate mammalian cells, an inter- 
esting relation just occurred to me which 
derives from Dr. Goldstein’s experiments 
on HeLa cells (Exptl. Cell Research, 19: 
322, 1960). 

Goldstein and his collaborators found 
that the enucleate half of a cell would live 
a lot longer, or at least appear viable a lot 
longer, if it were in conjunction or very 
near a nucleate cell, indicating that there 
may be some transfer of material either to 
get rid of waste products from the enu- 
cleate cell or to pick up some viability fac- 
tor from the nucleate cell. 

This may be relevant to Dr. Elkind’s 
work, where irradiated mammalian cells 
seem to vary in sensitivity relative to their 
proximity with other cells. 

Perhaps Dr. Prescott could present some 
information here based on his work with 
protozoa. 

PRESCOTT: At one time we tried to find 
out whether or not an isolated enucleated 
amoeba would survive longer than a large 
group cultured together. Large groups of 
enucleated cells did survive a little longer 
than isolated enucleates. We went to the 
next logical experiment and put nucleated 
cells with enucleates, expecting to obtain 
even better survival of enucleates. The ef- 
fect was just the opposite; when nucleates 
were present in the culture, the enucleates 
cytolyzed sooner. At that point we gave it 
up as a bad experiment. 

Powers’: In connection with the last 
subject, I thought that there was a number 
of observations in the literature which 
showed that, when there were large chro- 
mosome aberrations which might be lethal 
if the cell were by itself, it was not notice- 
ably important if the cell were in contact 
with other cells with complete genomes. 

I want to read into the record our ob- 
servations that Dr. Ehret and I observed in 
Paramecium bursaria a number of years 
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ago that nucleolar bodies are extruded 
from the macronucleus into the cytoplasm 
(Exptl. Cell Research 9: 241, 1955). 
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zyme-Forming System 


iThe problem of how living cells syn- 
psize specific proteins from free amino 
ds is one that is central to all of biology. 
ksumably the number and kinds of pro- 
ms that a cell can make is specified by 
@ genetic content of that cell. Recent 
vestigations make it likely that the in- 
tmation governing the specific sequence 
amino acids in a given protein is con- 
ned in the gene. The study of protein 
inthesis in cell-free systems has been 
itively investigated by biochemists for 
© past 15 years. These studies have dealt 
¢gely with the incorporation of C*- 
beled amino acids into protein and have 
foduced results that permit a general out- 
he of a possible step-wise conversion of 
fino acids into peptide bonds. The acti- 
ition of amino acids was reviewed at 
evious Biology Division research con- 
rences in 1957 by Novelli and DeMoss 
d, in 1959 by Lipmann who reviewed 
me subsequent steps. The entire process 
the incorporation of amino acids into 
otein has recently been reviewed in de- 
(Zamecnik, 60). Therefore, we need 
ily to consider the current outline of the 
ps involved. 


Scheme of incorporation of amino 
acids into protein 

IE + ATP + aaC <2 E-AMP-aa-C't + PP 

| E-AMP-aa-C'4S-RNA = S-RNA-aa-C!4 AMP + E 

S-RNA-aa-C4 + RNP + E2 + GTP — RNP-PrC"* 


In the first step amino acids are “acti- 
ted” by reaction with adenosine triphos- 
nate (ATP) leading to the formation of 
1 enzyme-bound amino acyl adenylate. 
nere seems to be a different enzyme for 
ie activation of each amino acid. In a sec- 
d step the enzyme-bound amino acyl 
enylate transfers the activated amino 
id to transfer RNA (S-RNA). Here again 
ere seems to be a specific RNA for each 
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of the amino acids. The amino acid is 
carried on the ribose of the terminal aden- 
osine moiety. All transfer RNA’s termi- 
nate in the sequence -C-C-A; therefore the 
amino acid specificity is resident in some 
other portion of the nucleotide sequence. 
In a final, complicated, and as yet poorly 
understood step, the amino acid is incorpo- 
rated into protein on the surface of a ribo- 
nucleoprotein particle (RNP) called a ribo- 
some. This final step requires guanosine 
triphosphate (GTP) and at least one en- 
zyme that seems to be species specific 
(Nathans and Lipmann, 61). 

There are several shortcomings in study- 
ing protein synthesis by observing the in- 
corporation of C’*-labeled amino acids into 
protein. (1) In general one simply meas- 
ures the radioactivity of protein precipi- 
table by trichloracetic acid (TCA) rather 
than the synthesis of a specific protein, 
except in the study of hemoglobin syn- 
thesis. (2) The incorporation of a given 
labeled amino acid is usually not influ- 
enced by the addition of the other amino 
acids. (3) The incorporation has a very 
short time course and the incorporated 
amino acid remains associated with RNP, 
little if any radioactive soluble protein be- 
ing formed and (4) this scheme does not 
provide for any role for deoxyribonucleic 
acid (DNA) (direct or indirect) in pro- 
tein synthesis. For these reasons we de- 
cided some time ago to attempt to develop 
a cell-free system that would synthesize a 
specific protein. 

Studies on ornithine transcarbamylase. 
In setting out to develop a cell-free system 
that will synthesize a specific protein, cer- 
tain features and desirable properties of 
the system can be used in making a choice. 


1 Operated by Union Carbide Corporation for 
the U. S. Atomic Energy Commission. 
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(1) The protein to be synthesized should 
be one that is easily, quickly, and accu- 
rately measured. These features suggest 
that the protein should be an enzyme. (2 
The source of material for the preparation 
of the cell-free system should be readily 
available and reproducible. A variety of 
source materials have these features, but 
because of their rapid growth (and rapid 
protein synthesis), bacteria seem to be a 
very good source of material. (3) The 
enzyme selected for study should be one 
that is easily purified and one that is anti- 
genic, so that specific antisera could be 
used to isolate small quantities of the en- 
zyme from reaction mixtures. (4) Ideally 
it would be desirable if initially there was 
an absence or very low level of enzyme 
present in the system and whose synthesis 
could be initiated by the investigator. All 
of the foregoing properties suggest that a 
substrate inducible enzyme would have the 
best chance of yielding an active prepara- 
tion. In 1957, however, we wished to avoid 
the inducible enzymes fearing that we 
might become involved in a study of the 
phenomenon of induction (poorly under- 
stood at that time) rather than to study 
protein synthesis. Subsequent events have 
shown that this was not a justified assump- 
tion, and we did indeed eventually return 
to the study of an induced enzyme. 

The system that Palmer Rogers and I 
decided to explore is the synthesis of or- 
nithine transcarbamylase in Escherichia 
coli. This enzyme is involved in the bio- 
synthesis of the amino acid arginine. The 
pathway of synthesis of arginine in Esche- 
richia coli is shown in figure 1. It starts 
with glutamic acid which is converted in 
turn to acetylglutamic, acetylglutamic 
semialdehyde, acetylornithine, ornithine, 
citrulline, argininosuccinate, and finally 
arginine. The enzyme ornithine trans- 
carbamylase (OTC) catalyzes the conver- 
sion of ornithine to citrulline. Gorini and 
Maas (’57) discovered that the synthesis 


Glu — > AcGlu ——> AcGluSA ——> AcOR 


ARG <—— ARG-Suc <—— Clit <——— OR 


Fig. 1 
by E., coli. 


Pathway of the biosynthesis of arginine 


G. DAVID NOVELLI, TADANORI KAMEYAMA AND J. M. EISENSTADT 


S e pe i ae 
o -_ 
= a 
rs S. ow a 
. { \ THEORETICAL for Emgx=53: 
Do 
€ Wa we i 
~ 
= ae ARGININE 
s 2 | 
cS) if Son, 
5 / 
e 1= ARGININE 0.01% 
f@) nes Atal e °. 
fe) { z2 3 4 


CELL DIVISIONS 


Fig. 2 Kinetics of OTC synthesis by E. co 
w (adapted from Gorini and Maas, 757). 


of this enzyme is regulated by the level d 
arginine in the culture medium. Hig) 
levels of arginine repressed the synthesh 
of enzyme and low levels or the absence ¢ 
arginine de-repressed the synthetic mé¢ 
chinery so that an explosive synthesis o 
enzyme occurred. In fact, the entire path 
way of arginine biosynthesis in this 6 
ganism is regulated by arginine (se 
Vogel, 61). 

Figure 2 shows some data from Gori 
and Maas. The cells were grown in a mé 
dium containing arginine so there was : 
relatively low level of OTC in the cells 
During logarithmic growth the cells wer 
removed from the medium, washed, ane 
resuspended in the same medium in th 
absence of arginine. A rapid synthesis o 
OTC occurred that reached its peak jus 
before the first cell division. At this poin' 
the entire pathway of arginine synthesis 
was de-repressed and internal arginine 
then accumulated and repressed furthe! 
enzyme synthesis. The total enzyme mole 
cules in the population remained constan' 
but were distributed among the progeny 
It was this burst of enzyme synthesis fol 
lowing de-repression that prompted ow 
investigation of this system. 

Table 1 shows the reaction and how i 
is measured. We studied the synthesis ol 
OTC by cells and protoplasts and obtainec 
the usual evidence suggesting de novo en 
zyme synthesis (Rogers and Novelli, 59) 
Since these results have been published - 
will not dwell on details but rather make 
one point that will be pertinent to our sub 
sequent discussion. During this study w 


TABLE 1 
Ornithine transcarbamylase 


\ction: OTC 
L-ornithine+carbamyl PO. = citrulline+PO, 


y conditions: 
Total volume — 1.0 ml 
100 umoles Tris pH 8.5 
5 umoles L-ornithine 
5 umoles carbamyl PO, 
Enzyme or toluenized cells (25-100 ug 
protein ) 
H:0 to 1.0 ml 


Incubate 10-15 minutes at 37°C. 
1 enzyme unit = 1 umole citrulline formed 
per hour 


4 
n 


iced that synthesis of OTC in proto- 
sts was inhibited by ribonuclease. In 
tole cells, enzyme synthesis was in- 
jited about 30% by 6-mercaptopurine, 
t high concentrations of 8-azaguanine or 
romouracil had little or no effect. These 
Its suggested that perhaps a nucleic 
d component might be involved in the 
thesis of this enzyme. This idea was 
ed with a uracil-requiring mutant. The 
jults of this experiment are shown in 
re 3. In this experiment the synthesis 
(OTC and of the induced enzyme 6-galac- 
fidase are compared. The cells were 
wn in the presence of both uracil and 
tinine and in the absence of an inducer 
B-galactosidase. The cells were har- 
ted, washed, and starved for an hour 
order to exhaust endogenous uracil. 
je experiment was started by placing the 
Is in a medium lacking arginine (to 
eger synthesis of OTC) and containing 
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ig. 3 Synthesis of B-galactosidase by uracil- 
, E. coli mutant (from Rogers and Novelli, ’59). 
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an inducer thiomethyl-$-D-galactopyrano- 
side (TMG) for 8-galactosidase. The 
data show rather clearly that 6-galacto- 
sidase is not made in the absence of uracil, 
but that synthesis of OTC proceeds essen- 
tially normally in the absence of uracil. 
One straightforward interpretation of these 
results is that for the synthesis of 8-galac- 
tosidase to occur a simultaneous synthesis 
of RNA is necessary, whereas OTC syn- 
thesis can proceed in the absence of RNA 
synthesis. This interpretation can be ex- 
tended to current hypotheses of protein 
synthesis that argue that the protein-form- 
ing templates contain specific RNA. Thus 
for the case of OTC the data are consistent 
with the idea that during repressed growth 
on arginine the RNA templates are indeed 
synthesized but are prevented from mak- 
ing enzyme owing to the presence of the 
repressor. Upon removal of arginine the 
fully developed, enzyme-synthesizing ma- 
chinery is capable of immediate activity 
thereby accounting for the explosive syn- 
thesis. For ®-galactosidase, however, the 
data would suggest that during growth in 
the absence of inducer, the RNA templates 
are not made (i.e., the system is repressed 
further back) and when inducer is ad- 
mitted to the system the RNA templates 
must be made before enzyme synthesis can 
occur accounting for the requirement for 
simultaneous RNA synthesis. With this 
interpretation the main difference between 
these two enzyme-forming systems would 
be that the 8-galactosidase system is re- 
pressed at the level of DNA (the informa- 
tion template) and the OTC system is re- 
pressed at the enzyme-forming template. 
Alternate interpretations of these data are 
possible and I will return to this discussion 
later. 

We continued our studies of this enzyme 
and eventually achieved the cell-free syn- 
thesis of OTC by disrupting protoplasts in 
a Hughes Press (Rogers and Novelli, ’60). 
Representative data are shown in table 2. 
Protoplasts, disrupted in a Hughes Press, 
can be centrifuged to yield a particle and 
a supernatant fraction. The active com- 
ponent of the supernatant can be precipi- 
tated by lowering the pH to 5.0. Neither 
fraction alone has any activity but when 
washed particles and the pH 5.0 fraction 
are combined there is an increase in en- 
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TABLE 2 
Cell-free synthesis of OTC 
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A Enzyme units 
Control 


ial ATP, UTP, — 
ras ATE CTP, GTP 
Disrupted protoplasts 3.2 15.0 16.0 
Washed particles, 105,000 x g 2.6 iL}? 2.6 
pH 5 fraction 0) (0) (0) 
Particles + pH 5 fraction —1.8 5.0 9.2 
Aged particles + pH fraction —1.8 —0.6 0.4 


Adapted from Rogers and Novelli (’60). 


zyme activity upon incubation at 37° that 
is dependent upon a source of energy and 
the 4 nucleoside triphosphates. It would 
seem that new synthesis of enzyme had 
indeed occurred in this cell-free system. A 
more critical criterion for de novo enzyme 
synthesis would be to repeat the experi- 
ment with radioactive amino acids, isolate 
the enzyme at the end of the incubation 
period, and show that it was radioactive. 
This enzyme had not been purified from 
E. coli, and specific antiserum was not 
available. These experiments were halted 
in order to purify the enzyme and make 
specific antiserum so that this critical test 
could be made. I understand that Dr. P. 
Rogers has been successful in preparing 
antiserum to OTC (Rogers, personal com- 
munication). It should be possible now 
to carry out a definitive experiment. 
Induction of 8-galactosidase: inhibition 
by UV irradiation and photoreactivation. 
While the foregoing experiments were in 
progress, Dr. T. Kameyama joined our 
group and influenced us to begin an in- 
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vestigation of the effect of UV light on] 
coli. Kameyama and Suzuki (60) ha 
made an interesting observation of fl 
effect of exposure of E. coli to UV on 
ribonucleoprotein component of the cek 
An example of their data can be seen ij 
figure 4. Here cells were exposed to lethi 
amounts of UV and then incubated for 1 
minutes in growth medium supplemer 
with P® after which the cells were broke; 
open and the crude extracts subjected t 
electrophoresis on starch. The most stri 
ing result, seen in figure 4, is the loss ¢ 
peak II after exposure of cells to UV 
Kameyama was anxious to follow up th 
observation, and, since most of the work ¢ 
our laboratory was concerned with protei 
synthesis, we decided to attempt to corre 
late the loss of this ribonucleoprotein con 
ponent with some aspect of protein sy 
thesis. For this purpose we elected to stud 
the induced synthesis of 8-galactosidase 
since it was known from other system 
that the induction of some enzymes is se 
sitive to UV (Goucher et al., 55; Swenso 


Fig. 4 Electrophoretic patterns of normal and UV treated E. coli (after Kameyama and 


Suzuki, 59). 
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iese, 00; Brandt ez al., 51; Kaplan 
I, 53; Torriani, 56; Monod, 56, 58; 
Cohn, 57). 6-Galactosidase is a well- 
wn enzyme, having been extensively 
stigated by Monod and Cohn and their 
orkers (Monod, ’56; Cohn, ’57). It 
the nice feature of being induced not 
by its substrate, lactose, but also by 
riety of 6-galactosides. One of these, 
G) in which the glucose moiety of 
ose is replaced by a thiomethyl group 
convenient inducer since it is not 
abolized by the cells. The structure of 
inducer is compared with lactose in 
re 5. When inducer (in sufficient con- 
trations) is added to exponentially 
ing cells enzyme, synthesis begins 
ediately and reaches a maximum 
e after about 4 hours (fig. 6). If the 
a are plotted as a function of the in- 
se in protein or dry weight (fig. 7), 
obtain the differential rate of synthesis. 
is simply tells us that 6-galactosidase is 
ng made as a constant fraction of newly 
thesized protein. 

Jur first approach to the effect of UV on 
-oli was to expose cells to varying doses 


EFFECT OF RADIATION ON AN 


a 
TIME (hr) 
Fig. 6 Kinetics of $-galactosidase induction. 
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Fig. 5 Structure of inducer. 
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of UV, then place them in growth medium 
with inducer and S*O, in order to measure 
new protein synthesis. Figure 8 illustrates 
some typical results. Cell survival is most 
sensitive followed by induction of {-galac- 
tosidase, whereas total protein synthesis 
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Fig. 7 Differential rate of 8-galactosidase syn- 
thesis. 
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was the most resistant parameter meag 
ured. Figure 9 illustrates the UV dose e 
fect on $-galactosidase synthesis when 

are grown on two different carbon sour 
The reason for the greater sensitivity 0 
enzyme synthesis in cells grown on glye 
erol is not readily apparent, but may bi 
related to glycerol metabolism. Since ; 
variety of properties sensitive to UV d 
age can be partially or totally restored by 
photoreactivation (Kelner, 53; Jagger, 
Rupert, 61), an attempt was made 
photoreactivate induced enzyme synthes 
The data of figure 10 show that the 
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Fig. 11 
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d synthesis of B-galactosidase is essen- 
restored to normal by exposure of 
to white light after UV irradiation. 
restoration of enzyme synthesis seems 
preferential, since total protein syn- 
is as measured by S*Q, incorporation 
not restored to normal. Thus the dif- 
tial rate of synthesis (dz/db) is in- 
sed in favor of $-galactosidase. This 
rvation presented us another oppor- 
ty to test the idea proposed earlier 
irding the difference between (-galacto- 
e and OTC. Figure 11 gives a com- 
son of the effect of UV and PR on the 
hesis of these two enzymes. Again 
is a striking difference between the 
systems. OTC synthesis is resistant 
V whereas £-galactosidase synthesis 
nsitive. These observations are also 
istent with the hypothesis that 6-galac- 
ase synthesis requires synthesis of 
although OTC synthesis does not. 

aving observed the inhibition of 6- 
ctosidase induction by UV and its 
oreactivation, we were now ready to 
pt to correlate these findings with 
e reported by Kameyama and Suzuki, 
1 Normal, UV, and UV and PR cells 
exposed to S*O, and simultaneously 
ced to make 8-galactosidase. After 30 
tes incubation the cells were broken 
and the crude extracts were electro- 
esed on Geon. The results are shown 
gure 12. Again one can see a striking 
of a ribonucleoprotein peak in UV cells 
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Simultaneous biosynthesis of OTC and f-galactosidase by normal, UV and PR 


that migrates at about 17 cm from the 
origin. This peak, however, is not restored 
by photoreactivation, although enzyme 
synthesis is nearly normal. The most sur- 
prising observation, however, was the find- 
ing of a peak of £-galactosidase that did 
not migrate, but remained at the origin. 
This fact is illustrated more clearly in fig- 
ure 13 where only the 6-galactosidase ac- 
tivity is plotted. It can be seen that in the 
normal cells the non-migrating fraction is 
present; it is absent in the UV-treated cells 
and is restored by PR. It was possible that 
the fraction of $-galactosidase remaining at 
the origin was an artifact and represented 
a contamination with soluble enzyme. To 
test this idea purified enzyme was added to 
an extract of uninduced cells and the prep- 
aration was electrophoresed as_ before. 
These results are shown in figure 14. It 
can be seen that the purified enzyme mi- 
grated to about 15 cm from the origin. 
When this enzyme was added to an extract 
of uninduced cells it again migrated to the 
same position and a non-migratory com- 
ponent was not visible. Thus it seems 
clear that the fraction of {$-galactosidase 
remaining at the origin was indeed real 
and not an artifact of experimental ma- 
nipulation. By centrifugal analysis it was 
shown that this fraction of $-galactosidase 
was ribosomal-bound and in various ex- 
periments represented from 1—10% of the 
total enzyme. At about the same time, 
Roberts and his co-workers (759); Cowie 


cm FROM ORIGIN 
Fig. 12 Geon fractionation of normal, UV and PR cell extracts. 
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Fig. 13 Geon fractionation of 6-galactosidase 
activity of normal, UV and PR cell extracts. 


et al. (61) reported the observation of a 
ribosomal-bound fraction of 6-galactosi- 
dase. These reports represented the first 
observations of a ribosomal-bound com- 
ponent of $-galactosidase and caused us 
to speculate on its significance. Since it 
was well known that removal of inducer 
led to an abrupt cessation of further en- 
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zyme synthesis, we wondered what woul 
happen to the particle-bound enzyme un 
der such conditions. Figure 15 illustrat 
the course of events after removal of 1 
ducer. At zero time inducer was added t¢ 
the culture and enzyme synthesis occurre¢ 
as indicated. After 60 minutes of induc 
tion the cells were removed from the me 
dium and washed free of inducer. The 
cells were then re-incubated in the same 
medium in the presence and absence 0 
inducer for an additional 60 minutes. I 
the absence of inducer there was no fur 
ther increase in enzyme content, whereas 
the cells incubated in the presence of in 
ducer continued to make enzyme at the 
previous rate. Cells were harvested at th 
points marked A, B, and C in figure 15. 
broken open and the crude extracts were 
subjected to electrophoresis as before. The 
results of this experiment are shown in 
figure 16. It is evident that after the imi 
tial 60-minute incubation in the presence 
of inducer, both the particle-bound en 
zyme and the soluble enzyme are present 
An additional period of incubation in the 
absence of inducer resulted in a loss of the 
particle-bound component that was addec 
to the soluble pool. Incubation for an ad 
ditional 60 minutes in the presence of in 
ducer resulted in a further increase 0! 
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. 15 Effect of removal of inducer on £f- 
tosidase synthesis. 


components. Since this experiment 
carried out with UV and PR cells we 
ret the excessive accumulation of 
article-bound enzyme as a more effec- 
repair by PR of the synthetic machin- 
than the release mechanisms. It thus 
s evident that the particle-bound form 
ae enzyme can exist only so long as in- 
r is present in the system. This fact 
s to be general for induced enzymes, 


(S) —————E—————EEEE @ 
ie) {0 20 30 
cm FROM ORIGIN 


Fig. 16 Effect of removal of inducer on par- 
ticle-bound enzyme. 


since the same observation has been made 
with induced sucrose phosphorylase and 
galactose dehydrogenase in Pseudomonas 
saccharophila, that is a particle-bound 
form of these enzymes exists as long as 
inducer is present. Removal of inducer 
followed by a subsequent incubation re- 
sults in a disappearance of the particle- 
bound enzyme (Eisenstadt and Novelli, 
unpublished observations). If one as- 
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TABLE 3 ; 
Method for preparing cell-free system for synthesis of B-galactosidase 


Step 


0.01 M Mgtt 


Centrifuged 


105,000 x g 90’ 


so LOSI OE Se 
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50 Lit log phase E. coli cells, pre-induced with TMG for 30 minutes. 4 
Cells erie Ppineds harvested, washed and resuspended in 500 ml Tris pH 7.2, 


Suspension passed through French Pressure Cell at 10,000 Ps; 
8,000 x g 60’ pellet discarded 

Centrifuged 30,000 x g 90’ pellet discarded 

Centrifuged 105,000 x g 30’ ree ae = ie 

Centrifuged 105,000 x g 90’ pellet saved = Pao ; | 
poe Po washed with Tris pH 7.2—0.005 M Mgt* collected by centrifugation at 


Supernatant from step 7, dialyzed vs Tris pH 7.2—0.005 M Mgt+ for 7 hours = Soo 


sumes that the particle-bound enzyme rep- 
resents template-bound enzyme, then one 
of the older theories regarding the role of 
the inducer is no longer tenable. This 
theory stated that the inducer acted by 
combining with template-bound enzyme 
and removing it from the specific surface 
thereby allowing the template to act cata- 
lytically (Monod, 58). The present obser- 
vations demonstrate that particle-bound 
enzyme can leave and join the soluble pool 
in the absence of inducer. 

Cell-free synthesis of B-galactosidase. If 
the particle-bound 6-galactosidase really 
represents template-bound enzyme, then 
this particle should participate in enzyme 
synthesis. Accordingly we set out to make 
use of this particle in an attempt to de- 
velop a cell-free system that would synthe- 
size this enzyme. The method of prepara- 
tion of the system is given in table 3. 
When particles and supernatant are com- 
bined and supplemented with inducer, 
amino acids, a source of energy and the 
nucleoside di- and triphosphates, a 14% 
fold increase in enzyme activity is seen 
upon incubation at 37° for 60 minutes. 
Typical data are given in table 4. It is 
evident that the increase in enzyme activ- 
ity is absolutely dependent upon the pres- 
ence of inducer and a source of energy. 
The activity is stimulated by amino acids, 
by the nucleoside di- and triphosphates 
and is inhibited by chloramphenicol, ribo- 
nuclease, and surprisingly by deoxyribo- 
nuclease. The requirements and the effect 
of inhibitors on the increase in enzyme 
activity certainly suggests that de novo 
enzyme synthesis is occurring in this sys- 
tem. Several other investigators using 
various preparations from broken bacterial 


cells or protoplasts have reported si 
increases in enzyme activity when 
preparations were incubated with va 
supplements (Gale, 55; Spiegelman, % 
Nisman and Fukuhara, 59). It should 
pointed out that all of the experiments, 
cluding our own, were simply mea 
ments of an increase in enzyme activ 
and not of increases in enzyme pro 
The assumption in all these cases that p 
tein synthesis has occurred is inferre 
from a sensitivity to chloramphenicol, 
requirement for an energy source, or 2 
quirement for amino acids. We ther 
sought to obtain more direct proof tha 
observed increase in enzyme activity 
accompanied by an increase in en 
protein. For this purpose the experime! 
described in table 4 was repeated with th 
inclusion of C'*-leucine in the reactio 
mixture. At various times samples wel 
taken and enzyme activity was measure 
In another sample §-galactosidase was pre 
cipitated with antisera prepared agains 
highly purified enzyme and after carefu 


TABLE 4 
Cell-free synthesis of 6-galactosidase 


Enzyme units per ml 


System Time (minutes ) i 
Net 
(0) 60 
Complete 145.5 350.5 Pas 
—Soo 72.5 195.5 123 
—TMG 145.5 145.5 0 
— ATP and 
generator 145.5 145.5 0 
INA 145.5 220.5 Ta 
—XTP, XDP 145.5 236.5 91 
+CAP 145.5 145.5 0 
+ RNase 145.5 88.5 — Si 
+ DNase 145.5 93.0 — 52.5 
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ENZYME, 
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60 90 
TIME (min) 


17 C*-leucine incorporation into Ab-ppt 
and enzyme formation. 


ing of the antigen-antibody precipi- 
he radioactivity was measured. Fig- 
17 demonstrates that the rise in 
e activity was paralleled by a corre- 
ing rise in radioactivity of the anti- 
ntibody precipitate indicating that 
increase in enzyme activity is a con- 
nce of the synthesis of new enzyme 
ules from the free amino acid pool. 
5 presents similar data illustrating 
equirements of the system. In this 
j at the end of the incubation period 
fhcrease in enzyme activity was meas- 
the radioactivity of total protein and 
tibody precipitable protein was deter- 
With respect to enzyme activity, 
itlearly evident that enzyme synthesis 
solutely dependent upon particles, 
(matant, inducer, a source of energy, 
he nucleoside triphosphates. These 
ements are similarly reflected in the 
ctivity of the antibody precipitates. 
nt worthy of note is the presence of 
ter resulted in an increase of approxi- 
y 1000 cpm in total protein and these 
cpm were removed by antibody (com- 
lines 1 and 2). In table 6 similar 
are presented for a series of inhib- 
| Again note the effect of deoxyribo- 
ase on the system, a marked inhibi- 
f enzyme synthesis matched by a 
reduction in incorporation of amino 
Glucose is a well-known inhibitor 
le induced synthesis of this enzyme 
jole cells and it is certainly inhibitory 
cell-free preparation. Whether this 
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is a direct effect of glucose acting as a 
repressor or to an indirect effect through 
the formation of acid is not known at this 
time. The amount of radioactive protein 
precipitated by antibody in the absence of 
enzyme synthesis is somewhat disturbing 
but could be attributable to co-precipitation 
of some radioactive non-$-galactosidase 
protein that may have been trapped in the 
antigen-antibody precipitate. In an _ at- 


TABLE 5 


Cell-free synthesis of -galactosidase and 
incorporation of C1-lewcine: requirements 


/ml 
Syst A Enzyme Cig Ab ppt 
EoD units/ml sper protein 
Complete + 183.6 2560 1428 
— TMG — 24 1580 384 
—AA + 108.0 1276 436 
— ATP and 
generator — 15.6 182 128 
—XTP, XDP — 24.0 660 248 
TABLE 6 


Cell-free synthesis of -galactosidase and 
incorporation of C14-leucine: inhibitors 


A Enzyme cpm/ml Ab ppt 
System units/ml eter protein 
Complete -+ 168 2400 1264 
+ RNase — 25.8 88 100 
+ DNase — 35.4 320 208 
+CAP — 29.4 676 344 
+ Glucose — 20.4 808 368 
© 300 
3 B-GALACTOSIDASE 5 
= {50 | i 
a A PN? 
XY 
Ss igo ers 
100 C'* INCORPORATION IN PROTEIN 
50 
he) 
=) TN 
= Xo-o-0 Nyse 9 Pescara 2 
ip 
2 400 C'4 INCORPORATION IN ANTIGEN 
3 
° 50 
ae TES 
O 5 {0 15 20 


cm FROM ORIGIN 


Fig. 18 Geon fractionation of reaction mix- 
ture. 
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tempt to eliminate this difficulty the re- 
action mixture was precipitated with am- 
monium sulfate, extensively dialyzed and 
then electrophoresed on Geon as before. 
The results of this experiment are shown 
in figure 18. In the top section of the dia- 
gram is shown the distribution of enzyme 
activity. The middle section shows the 
distribution of radioactive protein. In or- 
der to obtain the data for the bottom sec- 
tion carrier ®-galactosidase was added to 
each tube in order to insure an antigen- 
antibody precipitate. It should be noted 
that a radioactive precipitate occurred only 
in the regions of the electrophoretic dia- 
gram that had 6-galactosidase activity. 
The large peak of radioactive protein at 
the origin, presumably containing ribo- 
somal-bound protein, has radioactive pro- 
tein other than §-galactosidase, since the 
antiserum removed only about 40% of the 
radioactivity. These radioactive ribosomes 
may be involved in the synthesis of the 
radioactive protein that occur between 5— 
10 cm from the origin. It is also apparent 
from this experiment that the major frac- 
tion of the newly synthesized (-galactosi- 
dase remains particle bound. This is simi- 
lar to other ribosomal systems that have 
been studied for amino acid incorporation 
(Zamecnik, 60; Mans and Novelli, 61). 

As indicated in table 3, the cells were 
pre-induced before making the cell-free 
preparation and inducer was again re- 
quired to be present in the reaction mix- 
ture. It was of interest to determine 
whether both particles and supernatant 
from pre-induced cells are needed to ob- 
tain enzyme synthesis. An experiment was 
performed with combinations of particles 
and supernatant from non-induced and 
pre-induced cells with the results illus- 
trated in table 7. It is clearly evident that 
both components must come from pre- 
induced cells in order to observe enzyme 
synthesis. The non-induced system Py + 
Sn: is able to incorporate leucine C into 
protein but is unable to synthesize 8-galac- 
tosidase in spite of the fact that inducer 
was present in the reaction mixture. 

The requirement for genetically specific 
DNA in the cell-free synthesis of §-galac- 
tosidase. ‘The effect of deoxyribonuclease 
in inhibiting enzyme synthesis in this sys- 
tem was suggestive of a role for DNA in 
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enzyme synthesis. However, Allfrey 

Mirsky (’58) had observed a similar j 
hibition by deoxyribonuclease of nucle 
phosphorylation that could be overe 
by DNA, RNA or several unrelated pol 
anions. It was therefore necessary to 1 
to establish a direct effect of DNA in tf 
system. Kameyama, working in his lab 
ratory in Japan, decided to destroy # 
DNA by irradiating the supernatant wi 


8. In this experiment particles from ft 
constitutive strain (P.) were used wi 
supernatant from the induced cells (§; 


with UV destroys the ability of the syste 
to synthesize enzyme, but the additior 
DNA from the constitutive strain brin 
about a partial restoration of activity. T 
DNA itself is also destroyed by UV tre 
ment. This experiment also suggests ar 
for DNA in enzyme synthesis, but i 
sufficient to establish the specificity ; 
DNA. 

X irradiation of cells would be a 
way to inactivate DNA, but we had bee 
inhibited from X irradiating our syste 


because of reports in the literature indice 
ing that induced enzyme synthesis is” 
tremely resistant to radiation. Thus Bare 
et al. (53) had reported that the induc 


synthesis of galactozymase and maltoz 


a> 


TABLE 7 


Comparison of particles and supernatant fro 
non-induced and pre-induced cells in the 
synthesis of B-galactosidase 


se A Encym cpm/ml cpm/1m 
Additions nite fmt Total 
protein 
Pome + Srmc 184 2560 
Pri+ Sui 0 2200 
Pii+ Src 0 2524 
Prue + Sni 2.8 1812 
TABLE 8 


Effect of UV of supernatant and DNA on 
enzyme synthesis 


A Enzyme unit 


Additions 60 min. /ml 
Pet Si 575 
P.+ UV S:i+ DNA, 124 
P.+UV S:+UV DNA, 
P.+none+ DNA, 


in yeast was resistant to 300,000r 
hantrenne (58) found induced cata- 
ynthesis in yeast to be equally re- 
t. However, Clayton and Adler (60) 
nnection with experiments designed 
ermine the effect of peroxide on sen- 
y to radiation found that induced 
esis of catalase in Rhodopseudomo- 
pheroides was as sensitive as cell 
al to X irradiation. These findings 
lated us to test the effect of X irradi- 
on the induced synthesis of {-galac- 
se in E. coli. The results of such an 
iment are shown in figure 19. It can 
n that although more resistant than 
urvival the synthesis of $-galactosi- 
is rather sensitive to radiation in the 
of 10,000—40,000 r. We next at- 
ed to prepare the cell-free system 
X-irradiated cells and found it to be 
letely inactive with respect to enzyme 
iesis. By carrying out mixed experi- 
with particles and supernatants 
normal and X-irradiated cells (table 
fe established that the particles from 
idiated cells had almost the full ca- 
for enzyme synthesis, but a compo- 
in the supernatant had been dam- 
iby radiation. A nucleic acid fraction 
repared from normal supernatant by 
omycin precipitation. After removal 
ptomycin by dialysis the nucleic acid 


B-GAL, X RAY 30 MIN. AFTER INDUCTION 


—e— e 
Sago prot 
e 


B-GAL 
VIABILITY 
aT SS 
5 {5 20 25 30 


DOSE (kr) 
19 Effect of X irradiation on induced syn- 
| of B-galactosidase. 
TABLE 9 


lurison of damage in particles and super- 
atant derived from X-irradiated cells 


Additions A Enzyme units/ml 
PoeSn 156 
Px+ Sx 5 
P+ Sx 26 
142 
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was tested for ability to restore activity to 
the cell-free system prepared from X-irrad- 
iated cells. The results of this experiment 
are shown in table 10. The nucleic acid 
fraction was indeed capable of restoring 
activity to the damaged system. The active 
component of the nucleic acid fraction 
seems to be DNA, since it was sensitive to 
deoxyribonuclease but not to ribonuclease. 
That the effect of DNA is specific is evi- 
dent from the fact that a similar nucleic 
acid preparation from Pseudomonas sac- 
charophila, an organism that does not 
make 6-galactosidase, was inactive in this 
system. Table 11 further illustrates the 
specificity of DNA in restoring enzyme 
synthesis to the X-ray-damaged system. 
Here only the DNA from the constitutive 
mutant of E. coli is active. DNA’s pre- 
pared from calf thymus, rat liver, rat 
spleen, and mouse liver were all inactive. 
In this case and in all subsequent cases 
the DNA’s are prepared by treating cells 
with detergent, alcohol precipitated, salt 
extracted, treated with phenol and pre- 
cipitated with alcohol. To test whether the 
DNA effect is gene specific, DNA’s were 
prepared from 4 types of E. coli cells. 
The cells used were the inducible strain 
(i*, z*, y*) both non-induced (DNAni) and 
pre-induced (DNAi), the constitutive strain 
(i-, z*, y*) (DNA. ) and a lactose negative 
strain (i*, z~, y*) (DNA... ). The ability 


TABLE 10 


Effect of added nucleic acid on enzyme synthesis 
in X ray-inactivated preparation 


A Enzyme units/ 


Additions 60 min. /ml 
P+ Sx 0 
P,+S,-+nucleic acid (N.A.) 168 
P,+S,-+ RNase treated N.A. WPT a5) 
P,,-+S,+ DNase treated N.A. —3.0 
P,+S,+P.sacch. N.A. —4,.5 


TABLE 11 


Comparison of the effect of various native DNA’s 
on the X ray-damaged system 


A Enzyme units/ 


Additions Gominw ral 
P,+ Sx (0) 
P,+S8,+ DNA. 159 
P,+S,+DNA (calf thymus ) —12 
P,.+5,-+DNA (rat liver) 3 
P,+5,-+DNA (rat spleen ) —4 
P,+S8,+ DNA (mouse liver) 0 
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of these DNA’s to restore enzyme syn- 
thesis to the X-ray-inactivated preparation 
was tested and these results are shown 
in table 12. DNAn, from the non-induced 
but inducible strain is inactive, whereas 
DNA; from the same strain but where the 
cells had been pre-induced is fully active. 
DNA from a mutant that apparently lacks 
only the gene (z*) that determines the 
synthesis of (-galactosidase is inactive. 
DNA. from the constitutive strain is also 
very active. DNAi, H + C refers to active 
DNA from induced cells that had been 
heated to 100° and rapidly cooled, indi- 
cating that single-stranded DNA cannot 
function in this system. These series of 
experiments establish the fact that a gene 
which controls the synthesis of a specific 
enzyme is capable of expressing itself in 
a cell-free system without requiring that 
the DNA be replicated. A suggestion re- 
garding the manner by which the genetic 
information is expressed can be deduced 
from the experiment shown in table 13. 
Here it can be seen that DNA cannot func- 
tion unless the ribonucleotide di- and tri- 
phosphates are present. From the experi- 
ments of Volkin and Astrachan (756) and 
Volkin (’61) it is known that during phage 
infection and also in normal cells a species 
of RNA can be found that has a base com- 
position reflecting that of phage DNA (in 
the case of phage infection) and of nor- 


TABLE 12 


Effect of various DNA’s on enzyme synthesis in 
the X ray-inactivated preparation 


A Enzyme units/ 


Additions 60 min. fm 
Px a a Ske SS 
P,+5,.-+ DNAni 15 
P,+S8x-+ DNA; 119 
Px + §,-+ DNAtac— —2.5 
Px+S,x-+ DNA, 170 
P,+S,+DNA;,H+C —12.5 


TABLE 13 


Requirement for nucleoside di- and triphosphates 
for the DNA-dependent synthesis of 
B-galactosidase 


A Enzyme units/ 


Additions 90 min. /ml 
P.+ Sx 10) 
P,+85,.+DNA, 159 
P,+5S,+DNA.— XTP, XDP 8 
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mal DNA in normal cells. This specie 

RNA turns over rapidly. In this connect 
Hurwitz (60) and Weiss (’60) have 

tained an RNA polymerase that uses B 
as a primer and ribonucleoside triph 
phates as substrates for the synthesis: 
RNA and this RNA reflects the base ee 
position of the DNA used as primer. W 
these considerations in mind, the expe 
ment described in table 13 can be int 
preted by assuming that the information 
the §-galactosidase gene is transmit} 
through the synthesis of a specific R 
called messenger RNA that contains 7 
information determining the amino ai 
sequence that is specific for $-galacte 
dase. The operation of this enzyme s} 
thesizing system can be summarized 

the scheme shown in figure 20. I mn 
point out that this scheme is only ten 
tive and is used for purposes of discussie 
It is subject to change as new informati 
accumulates. 

If we summarize the pertinent findin 
of this investigation, they can be discuss 
with this scheme as a background. TI 
findings are as follows: . 

1. In whole cells, addition of induc 
causes the synthesis of $-galactosidase 
occur on a ribosome. 

2. The ribosomal bound enzyme can 
released to the soluble pool in the abser 
of inducer. 

3. A cell-free enzyme-synthesizing s- 
tem can be prepared from pre-induc 
cells, but not from un-induced cells. 

4. The cell-free system is composed 
a particle and a supernatant both of whi 
must be prepared from pre-induced cel 

5. The cell-free system requires DI 
from cells that have the gene for 6-gal: 
tosidase. If the DNA is prepared from t 
inducible strain, the cells must be p: 
induced. DNA from uninduced (but i 
ducible) cells is markedly inhibitory (N 
man and Fukuhara, 60; Finnerty a: 
Novelli, unpublished observations). 

(a.) The cell-free system requires t 
presence of inducer and a full compleme 
of amino acids. If the system is prepar 
from the constitutive strain, inducer is r 
required for enzyme synthesis. 

6. In order for DNA to be effective t 
ribonucleoside di- and triphosphates a 
required. 


GENE FOR AA 
SEQUENCE OF ENZYME 
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UV 
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DNA 


FREE ENZYME 


Since the cells have the necessary infor- 
ation for making §-galactosidase, but do 
not do so unless inducer is added, we as- 
sume that the z* gene is repressed by an 
nknown product of the i* gene. When 
inducer is admitted to the system it acts 
iby suppression of the it gene and thus 
zZ* gene is de-repressed and allowed to ex- 
ipress itself. This expression is manifested 
by the synthesis of specific ribosomes and 
a specific messenger RNA that associates 
itself with the ribosomes. The combina- 
tion of specific ribosomes and messenger 
RNA becomes the enzyme-forming tem- 
plate. Enzyme is synthesized on the sur- 
face of messenger RNA and in order for 
the enzyme to be released to the soluble 
pool the messenger RNA is destroyed. That 
the messenger RNA must be labile is a 
necessary requirement from the experi- 
ments of Riley et al. (60) suggesting the 
absence of a stable cytoplasmic gene pro- 
duct and a requirement for the continual 
presence of functional DNA in the syn- 
thesis of 8-galactosidase in whole cells. 
The requirement for an inducer dependent 
synthesis of specific ribosomes is forced 
upon us by the observation that ribosomes 
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Fig. 20 Scheme of enzyme formation. 


from non-induced cells are inactive in the 
cell-free system. The requirement for in- 
ducer in the cell-free preparation even 
though the cells are pre-induced may be 
required to keep the z* gene de-repressed 
and suggests that repressor (i* gene pro- 
duct) can be made quickly. This is also 
evident from the fact that removal of in- 
ducer from whole cells causes an abrupt 
cessation of enzyme synthesis. That the 
repressor is intimately associated with 
DNA is inferred from the fact that highly 
purified DNA from non-induced cells is 
inhibitory. 

This is as far as the present facts per- 
mit us to go. We believe that this cell-free 
system represents a specific bio-assay for 
an individual gene and that it may now be 
possible to isolate and characterize a gene. 
The fact that repressed DNA (i.e., DNA; ) 
inhibits enzyme synthesis suggests that we 
may also have a bio-assay for the repres- 
sor which we hope to isolate, characterize, 
and determine the mechanism of its 


function. 
SUMMARY 


Ultraviolet irradiation of E. coli cells 
was found to inhibit the induced synthesis 
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of $-galactosidase and the inhibition was 
reversed by photoreactivation. Examina- 
tion of crude extracts of such cells led to 
the discovery of a particle-bound fraction 
of $-galactosidase. The particle-bound en- 
zyme occurs only in the presence of in- 
ducer. When inducer is removed the 
enzyme leaves the particle and becomes 
associated with the soluble pool. These 
observations led to the discovery of a cell- 
free system that can synthesize the en- 
zyme. The system consists of particles and 
supernatant, both of which must be pre- 
pared from pre-induced cells. The system 
requires the presence of inducer, a source 
of energy, amino acids, and the nucleoside 
di- and triphosphates. Enzyme synthesis 
is inhibited by chloramphenicol, glucose, 
ribonuclease and deoxyribonuclease. Ultra- 
violet treatment of the supernatant yielded 
an inactive preparation that could be made 
active by addition of DNA from untreated 
supernatant. Similarly X irradiation of 
cells destroyed induced enzyme synthesis 
and cell-free preparations made from X- 
irradiated cells were inactive. Such inac- 
tive preparations could synthesize enzyme 
when supplemented with DNA. Only 
DNA’s prepared from cells containing the 
gene for 6-galactosidase are effective. 
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OPEN DISCUSSION 


VON BoRSTEL’: Have you brought in 
microsomes from other sources into the 
system to see if they would act as 
repressors? 

NovELLI: When we use the particles 
from non-induced cells, they don’t work. 
I should add that DNA from other sources 
has been tested also—that is, DNA from 
other micro-organisms—rat liver, rat kid- 
ney, brain, any that we could get our 
hands on were tested and none of these 
were active in the system. 

VON BorsTEL: What about big pieces of 
RNA? 
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NovELLi: I haven’t added that. We ar} 
in the process now of trying to fractionat} 
the system to get these components out 
to try to fractionate messenger RNA. | 

ApLER’: One of the striking things 
about induced enzyme synthesis seems té 
be the similarity between the inducer an@ 
the substrate of the enzyme. Either the 
substrate is the inducer or, when it is not) 
at least something very similar in structuré 
is the inducer. Would you care to com} 
ment on how this similarity fits or doesn’p 
fit with the scheme on the last figure? 

NovELui: I really don’t know. I an 
sure it has some significance because wha 
you say is true. One can say the samé@ 
thing about the transcarbamylase where 
we believe that some derivative of argining 
shuts down the entire pathway. 

Our data seems to indicate that what 
ever the repressor is it acts at the leve 
of the enzyme-forming machinery. Thi¢ 
means that, if there are different particles 
associated with the synthesis of the dif 
ferent enzymes in that chain in arginine 
bio-synthesis, those particles have to have 
some degree of similarity in order that the 
repressor can recognize these and shu 
them down. 

The alternative is that the repressor act 
at the level of the gene. Again there ha 
to be a similarity in structure in order tha 
a single repressor can shut down all these 
genes. But the data that we have so far 
is from Dr. Rogers who tested DNase in 
his cell-free system. He did not obtain as 
striking an effect of DNase as we do with 
the 6-galactosidase system. He gets about 
a 50% inhibition. Sometimes he does 
get any at all. I think this reflects that 
the ornithine transcarbamylase messenger 
probably has a longer half-life than that 
of $-galactosidase. 

Upton‘: Why do you think the single- 
stranded DNA is not active? Another 
question: If the single-stranded DNA is 
inactive, is the 2-stranded DNA radiosensi- 
tive in vitro? 


*R. C. von Borstel, Oak Ridge National Labora 
tory, Oak Ridge, Tennessee. 

3H. I. Adler, Oak Ridge National Laboratory. 
Oak Ridge, Tennessee. 

4A. C. Upton, Oak Ridge National Laboratory 
Oak Ridge, Tennessee. 


Nove.tui: I don’t know why the single- 
anded DNA is not active; I can just say 
t it is not. We have not done X-ray 
Sitivity of DNA in vitro. 

KELLY’® : How did you purify the DNA? 
it possible that you are carrying along 
mall amount of RNA so that you are 
ually carrying along the messenger 
A or do you believe that it is being 
de in a cell-free system? 

NoveELui: The DNA _ was _ purified 
ough a detergent and a phenol proce- 
re. If RNA is being carried at all, it is 
t sensitive to ribonuclease because we 
k the purified DNA, treated it with 
Nase or DNase, re-isolated it through 
enol to destroy the added nuclease; and 
y the DNase treatment destroyed the 
ivity. RNase did not cause a loss of 
tivity. But I should point out that Mar- 
r discussed this point with me. He 
ks that if there is this hybrid RNA- 
A mixture, it may not be sensitive to 
ase. 

MarcovicnH’ : Did you induce in vitro 
A with TMG or in vivo and then use it 
ter extraction? If you have a strain 
fich is non-inducible, could you induce 
in vitro? 

NovE.Lui: For DNA to be effective in 
rb cell-free system, the cells from which 
DNA is to be prepared must come 
m pre-induced cells, if one is using the 
ucible strain. But the DNA so prepared 
not active in the cell-free system unless 
jducer is present in the reaction mixture. 
je have not been able to induce DNA 
} vitro. 

jRocers’: I think it is fine that TMG 
jrequired for maximum enzyme synthe- 
s when you add constitutive DNA. Since 
u are using an induced supernatant, 
;), there is probably plenty of repressor 
hich would be expected to block 8-galac- 
idase synthesis in the absence of TMG. 
The thing that does surprise me is the 
ict that there is a difference between non- 
uced and induced DNA. Both of these 
NA preparations are from i* cells, yet 
ly DNA from preinduced cells allows 
alactosidase formation. I would expect 
th preparations to work the same. In 
th cases the S; supernatant (presumably 
Intaining some repressor molecule) plus 
G are present. 
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The reaction: 


—TMG 
Repressor + DNA; = DNA, — repressor 
+TMG 


must be freely reversible, since, where 
TMG is washed out of whole cells, 8-galac- 
tosidase synthesis stops. Thus I would 
expect TMG to operate in the same fashion 
in both cases: shifting the equilibrium to 
the left; displacing the repressor; and 
allowing £-galactosidase synthesis. 

So the difference you observe when you 
add back induced versus non-induced i + 
DNA is unexpected. Another point I 
would like to make concerns the ornithine 
transcarbamylase system. In the experi- 
ments with the uracil-requiring mutant, 
there is a small amount of PO, incorpora- 
tion into RNA in the absence of uracil. 
It may very well be that the formation, 
breakage, and reformation of the messen- 
ger-RNA you have postulated required only 
a small pool of uridine nucleotides. So 
this will go along with your idea of the 
repressor acting at the DNA level. 

However, the other explanation, sug- 
gested by this experiment with the uracil- 
requiring mutant, is that here the repres- 
sor is acting at a different level. Most 
likely, in the case of arginine repression 
of ornithine transcarbamylase, the repres- 
sor acts at the particle surface, which ex- 
cludes the necessity for new RNA syn- 
thesis. 

Another thing I want to ask you a ques- 
tion about: Have you ever put the induced 
particles together with the constitutive 
supernatant? Do you require TMG in that 
system? In other words, if you use your 
pre-induced particles, do you require TMG? 

From the things we know about or the 
little we know about the repressor in the 
system, you would expect the S; super- 
natant to have the information to make a 
repressor, wouldn’t you? 

So the experiment that should be done 
here would be to see if TMG is required 
when constitutive supernatant (S:) is 
added to pre-induced particles (P;). If it 
is, this will be quite a surprise. 


5 Lola S. Kelly, University of California, Berke- 
ley. 

6 Herbert Marcovich, Laboratoire Pasteur, In- 
stitut du Radium, Paris. 

7Palmer Rogers, Ohio State University. 
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NovELLI: The kinetic curve I showed 
was of an X-ray-inactivated system derived 
from an inducible strain to which was 
added DNA prepared from the constitutive 
strain with the presence and absence of 
inducer. In both cases enzyme synthesis 
was normal for 30 minutes. Enzyme syn- 
thesis continued for an additional 30 min- 
utes when inducer was present, but 
stopped in the absence of inducer. This 
observation suggests that the 1* character 
in the supernatant had begun to express 
itself. We have tested induced particles 
with constitutive supernatant and ob- 
served good synthesis in the absence of 
inducer, but since the DNA in such a 
system is i, one would not expect an 
inducer effect. I think the situation is 
more complex than your mass action equa- 
tion suggests. The fact is that only de- 
repressed DNA works and it also requires 
inducer in the reaction mixture. This is 
a surprise and needs an explanation that 
will be forthcoming only when more ex- 
periments with different combinations of 
particles, supernatants, DNA’s with and 
without inducer can be carried out. 

CLAYTON’: It seems established now 
that there are cases in which the synthesis 
of a single enzyme is as sensitive to X rays 
as is the ability of a whole cell to survive. 
Furthermore, the DNA is the X-ray-sensi- 
tive component. 

Would Dr. Novelli like to elaborate on 
theories for the X-ray mechanism that will 
accommodate these facts? 

NoveEL.i: I realize that in the case of 
6-galactosidase X-ray sensitivity of induc- 
tion is not the same as that of induced 
catalase in Rhodopseudomonas spheroides. 
That data wasn’t shown, but Clayton and 
Adler’s data indicate that over the entire 
range of X-ray dose sensitivity of induced 
catalase follows the same curve as the 
viability. 

I don’t have any explanation for this 
except to say that maybe the gene that 
regulates catalase lies in the region that 
is very sensitive with respect to growth. 

CLAYTON: The question I had was es- 
sentially this, that survival may depend 
on or require the synthesis of a number 
of proteins, and so there should be a 
greater multiplicity or number of targets 
for that than for the synthesis of one 


G. DAVID NOVELLI, TADANORI KAMEYAMA AND J. M. EISENSTADT 


enzyme. This leads one to think in termg 
of a single X-ray hit inactivating a clas¢ 
of genes or a mechanism for the expres} 
sion of a class of genes. 

NovELLI: One can argue that, in orde 
for a gene to express itself, it has to be a 
part of a larger component. The informa 
tion unit itself may be relatively smail} 
but in order to express itself, it has to be 
part of a large component. 

One can make an analogy between thei 
gene and, let’s say, the active site of an 
enzyme. The active site of an enzyme 
probably involves only about 3 or 4 amino 
acids. Yet if you destroy the larger struc 
ture, the expression of that active site isi 
destroyed, even though the destruction 
may be at a point far removed from the 
active site. 

It may be that in this particular organ+ 
ism there is an arrangement of the gene 
so that a hit in some region involving via 
bility is also part of the superstructure nec- 
essary for the expression of the catalase} 
gene without requiring that the gene itsel 
suffer a hit. 

Gray’: I would like to describe two 
experiments which I think are relevant to 
this discussion. They present some pub- 
lished data (X-ray sensitivity and target 
volume of enzyme induction. Nature, 184: 
1570, 1959) and unpublished observations 
by Dr. H. Pauly of the Max-Planck-Institut 
fiir Biophysik, Frankfurt, on the effect of 
radiation on the capacity of Bacillus cada- 
veris to synthesize the adaptive enzyme 
lysine decarboxylase. The first shows that 
the time taken for enzyme synthesis to 
reach this peak level is the same in irradi- 
ated and unirradiated organisms, but that 
the maximum yield itself is depressed by 
irradiation. The second experiment shows 
two things: 

1. That the logarithm of the capacity for 
enzyme synthesis is linearly related to the 
dose, indicating that a one-hit mechanism 
is involved, and 2. That the slope of the 
broken line (unpublished), which repre- 
sents the loss of capacity for enzyme syn- 
thesis by organisms irradiated in the 
presence of oxygen, is about 4 times as 


SR. K. Clayton, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 
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eat as that for organisms irradiated 
aerobically. 
These results indicate not only that loss 
capacity for adaptive enzyme synthesis 
ay be initiated by a single particle, but 
so that the target for inhibition of en- 
me synthesis is only about a factor of 4 
so smaller than that for loss of colony 
rming ability (when the two effects are 
mpared for irradiations at the same oxy- 
n tension). 
If I could make one very large extra- 
lation from these results, it would be 
Suggest that the same approximate 
uivalence, or near equivalence, in the 
nsitivity with respect to capacity for 
aptive enzyme synthesis and for loss 
colony forming ability may possibly 
ist in the case of mammalian cells, and 
should very much like to know whether 
is is, in fact, the case. I have in mind 
rticularly the effect of radiation in delay- 
g the onset of DNA synthesis in regen- 
ating liver—a phenomenon which has 
en extensively studied by Dr. Kelly and 
hers. We know that a necessary condi- 
n for the onset of regeneration is the ap- 
arance of the adaptive enzyme thymidy- 
kinase. If I am right in suggesting this 
allel may exist between the effects of 
jradiation on enzyme synthesis in bacteria 
hd in regenerating liver, I think we may 
well on the way towards tracking down 
te phenomenon of the inhibition of DNA 
nthesis in the living cells, and this in 
rn might lead us to a better understand- 
g of the effects of radiation on the syn- 
esis of both constitutive and adaptive 
zymes in other types of mammalian 
lls. 
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